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THE  ROYAL  SOCIETY  OF  EDINBURGH. 


REGULATIONS  REGARDING  THE  PUBLICATION  OF  PAPERS 
IN  THE  PROCEEDINGS  AND  TRANSACTIONS  OF  THE 
SOCIETY. 

The  Council  beg  to  direct  the  attention  of  authors  of  communications  to 
the  Society  to  the  following  Regulations,  which  have  been  drawn  up  in 
order  to  accelerate  the  publication  of  the  Proceedings  and  Transactions, 
and  to  utilise  as  widely  and  as  fairly  as  possible  the  funds  which  the 
Society  devotes  to  the  publication  of  Scientific  and  Literary  Researches. 

1.  Manuscript  of  Papers. — As  soon  as  any  paper  has  been  passed 
for  publication,  either  in  its  original  or  in  any  altered  form,  and  has  been 
made  ready  for  publication  by  the  author,  it  is  sent  to  the  printer. 

2.  Method  of  Publication. — As  soon  as  the  final  revise  of  a Trans- 
actions paper  has  been  returned,  or  as  soon  as  the  sheet  in  which  the  last 
part  of  a Proceedings  paper  appears  is  ready  for  press,  a certain  number 
of  separate  copies  or  reprints,  in  covers  bearing  the  title  of  the  paper  and 
the  name  of  the  author,  are  printed  off  and  placed  on  sale.  The  date  of 
such  separate  publication  will  be  printed  on  each  paper. 

3.  Additions  to  a Paper  after  it  has  been  finally  handed  in  for 
publication,  if  accepted  by  the  Council,  will  be  treated  and  dated  as 
separate  communications,  and  may,  or  may  not,  be  printed  immediately 
after  the  original  paper, 

4.  Brief  Abstracts  of  Transactions  Papers  will  be  published  in 
the  Proceedings,  provided  they  are  sent  along  with  the  original  paper. 

5.  Special  Discussion  of  Papers  accepted  for  Publication. — 
Where  a paper  has  been  accepted  for  publication,  the  Council  may,  with 
the  consent  of  the  author,  select  this  paper  for  Special  Discussion.  In  the 
case  of  such  papers  advanced  proofs  will  be  sent  to  the  members  of  the 
Society  desiring  copies,  and  copies  will  be  supplied  to  the  author  for  dis- 
tribution. A paper  selected  for  Special  Discussion  will  be  marked  with  an 
asterisk  (*)  and  placed  first  on  the  Billet  for  the  day  of  reading.  Any 
following  papers  for  that  day  may  be  adjourned  or  held  as  read  if  the 
discussion  prevents  their  being  read. 

6.  Communications  not  submitted  for  Publication,  such  as 
Demonstrations  of  Experiments,  Statement  of  Scientific  Problems,  etc., 
may  be  received  by  the  Council,  and  may  also  be  selected  for  Special 
Discussion.  The  Council  does  not  undertake  to  publish  any  notice  of  such 
communications  in  the  Proceedings  or  Transactions  of  the  Society. 
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I. — Recent  Developments  of  the  Committee  of  the  Privy  Council 
for  Scientific  and  Industrial  Research.  Address  by  John 
Horne,  LL.D.,  F.R.S. 

(Read  November  5,  1917.  MS.  received  November  12,  1917.) 

At  the  opening  of  another  session  the  attention  of  the  Fellows  ought  to 
be  directed  to  certain  points  concerning  the  administration  of  the  affairs 
of  this  Society.  One  gratifying  feature  is  the  completion  of  the  card 
catalogue  of  the  volumes  in  the  Society’s  library.  After  the  removal  to 
our  present  quarters  in  1909  it  became  apparent  that  the  old  catalogue  in 
three  large  volumes  was  unsatisfactory.  The  original  entries  were  not  up 
to  modern  requirements,  and,  in  view  of  a new  catalogue  being  prepared, 
the  new  marks  caused  by  the  altered  arrangement  of  rooms  and  shelves  had 
been  imperfectly  registered.  The  library  staff  realised  that  nothing  short 
of  a card  catalogue  prepared  from  the  volumes  as  they  stand  on  the  shelves 
would  meet  existing  requirements.  This  was  an  arduous  undertaking, 
involving  considerable  outlay.  Dr  Knott  has  estimated  that  the  library  at 
present  contains  forty-six  thousand  volumes,  the  greater  part  of  which 
consists  of  scientific  serials.  To  accomplish  the  task  of  cataloguing  this 
large  collection  it  was  necessary  to  obtain  outside  expert  assistance. 

At  the  beginning  of  1914  Dr  Sutherland  Black,  the  curator  of  the 
library  at  that  date,  resolved  that  the  card  catalogue  should  be  begun 
without  further  delay.  He  generously  offered  to  defray  the  cost  of  the 
undertaking  in  so  far  as  it  involved  outside  aid.  For  nearly  four  years 
he  has  employed  an  expert  typist  to  carry  on  the  work.  A few  weeks 
ago  he  wrote  to  the  General  Secretary  that  the  card  catalogue  of  the 
volumes  had  been  completed.  As  he  modestly  put  it,  his  contract  with 

himself  had  at  last  been  adequately  fulfilled.  The  only  uncatalogued 
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items  consist  of  a series  of  theses  and  dissertations  from  foreign  uni- 
versities, which  are  deposited  in  the  safe,  and  a collection  of  astronomical 
and  geological  maps.  Few  library  curators,  whose  duties  are  merely 
honorary,  are  in  a position  to  undertake  such  work  for  a national  scientific 
institution.  Dr  Sutherland  Black  has  richly  earned  the  gratitude  of  the 
Fellows,  and  especially  of  those  who  consult  the  library,  for  rendering  such 
unique  service  to  the  Society. 

The  financial  position  of  the  Society  is  suffering,  as  might  be  expected, 
from  the  abnormal  conditions  resulting  from  the  war.  From  the  state- 
ment recently  presented  by  the  Treasurer,  it  will  be  seen  that  we  begin 
this  session  with  a considerable  deficit,  arising  partly  from  increased 
charges  for  printing,  paper,  and  binding,  and  partly  from  losses  by  fire  in 
Neill  & Co.’s  premises.  In  anticipation  of  this  deficit,  the  Council  passed 
a series  of  resolutions  with  the  view  of  keeping  an  effective  check  on 
expenditure,  and  especially  on  the  papers  presented  for  publication. 
Under  the  new  laws  the  Council  is  vested  with  ample  powers  to  accept 
or  reject  authors’  manuscripts.  Two  of  these  resolutions  that  bear  directly 
on  papers  presented  for  publication  ought  to  be  borne  in  mind  by  con- 
tributors. The  first  is,  that  authors  eligible  for  Carnegie  Trust  grants 
be  asked  to  apply  in  future  for  grants  from  the  Carnegie  Trust  to  cover 
the  cost  of  illustrations.  The  second  is,  that,  after  an  allowance  of  ten 
per  cent,  of  the  printers’  charges  for  the  setting  and  printing  of  each 
paper,  all  proof  corrections  in  future  be  paid  by  the  author.  The  other 
measures  which  the  Council  have  adopted  need  not  be  individually 
referred  to  on  this  occasion. 

Regarding  the  first  of  these  resolutions,  I may  take  this  opportunity 
of  expressing  our  obligations  to  the  Carnegie  Trustees  for  the  assistance 
which  they  constantly  render  to  meet  the  cost  of  illustrations.  Without 
this  aid  important  papers  on  the  natural  science  side  could  not  be  published 
by  the  Society.  One  instance  of  the  value  of  this  endowment  of  research 
will  suffice.  Last  session  a memoir  by  Dr  Kidston  and  Professor  Lang 
on  the  “ Old  Red  Sandstone  Plants  showing  structures  from  the  Rhynie 
Chert  Bed,  Aberdeenshire,”  appeared  in  the  Transactions.  From  the  light 
which  it  throws  on  the  oldest  known  land  flora  and  the  geographical 
conditions  that  prevailed  during  Old  Red  Sandstone  time,  it  will  rank,  in 
my  opinion,  among  the  great  papers  that  have  secured  the  high  reputation 
of  the  publications  of  this  Society.  The  ten  beautiful  plates  illustrating 
the  structure  of  the  plant  remains  in  perfect  preservation  form  an  essential 
feature  of  this  memoir.  The  Carnegie  Trustees  have  defrayed  the  cost 
of  these  plates,  and  they  have  lately  passed  a grant  of  over  one  hundred 
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pounds  to  Dr  Kidston  for  the  illustration  of  research  work  which  he  has 
now  in  hand. 

The  second  resolution  has  become  necessary  owing  to  the  tendency  of 
some  authors  to  improve  their  communications  in  the  page-proof  stage. 
Certain  corrections  are  doubtless  essential,  but  when  sentences  are  recast 
and  interpolations  are  made,  a limit  ought  to  be  placed  on  this  expensive 
habit.  This  practice  might  be  obviated  by  the  exercise  of  greater  care 
in  the  preparation  of  the  materials,  so  as  to  ensure  a clear  and  compact 
statement  of  the  results.  Some  authors  are  apt  to  forget  that  the  value 
of  a paper  depends  not  on  its  length,  but  on  the  standard  of  the  original 
work.  In  this  connection  the  remarks  of  Lord  Rayleigh,  in  one  of  his 
Presidential  Addresses  to  the  Royal  Society,  are  singularly  appropriate : — 

“ In  comparing  the  outputs  of  the  present  time  and  of,  say,  thirty  years 
ago,  the  most  striking  feature  that  appears  is  doubtless  the  increase  of 
bulk  in  recent  years  coming  especially  from  young  workers  stimulated 
by  the  healthy  encouragement  of  direct  research  as  a part  of  scientific 
education.  But  I think  it  may  also  be  observed,  and  not  alone  in  the 
case  of  such  early  dissertations,  that  there  is,  on  the  whole,  less  care  taken 
for  the  concise  presentation  of  results,  and  that  the  main  principles  are 
often  submerged  under  a flood  of  experimental  detail.  When  the  author 
himself  has  not  taken  the  trouble  to  digest  his  material  or  to  prepare  it 
properly  for  the  press,  the  reader  may  be  tempted  to  judge  of  the  care 
taken  in  the  work  from  the  pains  taken  in  its  presentation.  The  tendency 
in  some  subjects  to  submit  for  immediate  publication  the  undigested  con- 
tents of  note-books  is  one  that  we  hear  much  of  at  the  present  time.  It 
is  a matter  that  is  difficult  for  publishing  bodies  to  deal  with,  except  by 
simple  refusal  of  imperfectly  prepared  material,  with  its  danger  of  giving 
offence  to  authors  of  recognised  standing,  but  it  seems  not  unlikely  that 
at  present  public  scientific  opinion  would  endorse  such  a course  of  action. 
A related  difficulty,  and  one  that  contributes  to  this  trouble,  is  the  tendency, 
noticeable  in  some  public  scientific  organisations,  to  imagine  that  their 
activity  is  estimated  by  the  number  of  pages  of  printed  matter  they  can 
produce  in  the  year.  Probably  no  consideration  is  further  removed  than 
this  from  the  minds  of  the  educated  public,  whose  judgment  is  alone 
worth  considering.” 

The  Fellows  ought  to  realise  that  these  resolutions  have  been  adopted 
by  the  Council  in  order  to  reduce  the  expenditure  connected  with  publica- 
tions. It  is  the  duty  of  the  Council,  even  under  the  strain  of  existing  war 
conditions,  to  clear  off  this  debt  without  delay,  and  in  order  to  accomplish 
this  end  fewer  papers  ought  to  be  issued,  and  the  referee  work  ought  to 
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be  done  with  greater  stringency.  Complaints  have  been  made  of  the 
severity  of  some  of  the  reports  by  referees.  But  my  experience  at  the 
Council  table  has  convinced  me  that,  in  some  instances,  the  severity  is 
justified.  Fellows  may  rest  assured  that  the  Council  select  with  great 
care  competent  specialists  to  deal  with  the  various  subjects,  and  give 
full  consideration  to  their  reports.  The  great  aim  of  the  Council  is  to 
maintain  the  high  standard  of  the  publications,  and  at  the  same  time  to 
be  just  to  the  authors  who  are  carrying  on  research. 

In  my  address  last  session  reference  was  made  to  the  appointment  of 
the  Committee  of  the  Privy  Council  for  Scientific  and  Industrial  Research 
with  an  Advisory  Council  under  the  chairmanship  of  Sir  William  M/Cormick. 
The  reports  of  this  Committee  and  of  the  Advisory  Council  for  1916-17 
record  important  developments  which  call  for  special  mention.  This 
organisation  now  forms  a separate  Government  Department,  having  its 
own  estimates  in  charge  of  a Minister  responsible  to  Parliament.  An 
Imperial  Trust  has  been  created  to  hold  on  behalf  of  the  Department  the 
sum  of  one  million  pounds,  which  has  been  voted  by  Parliament  to  cover 
a period  of  five  years. 

The  policy  of  this  new  Department  is  that  of  co-operative  industrial 
research  where  this  method  of  finance  is  practicable.  Its  aim  is  to  induce 
manufacturers  to  form  associations  for  the  purpose  of  research  that  may 
have  a direct  bearing  on  their  respective  industries.  The  main  objects 
of  these  research  associations  are  the  development  of  output,  improvement 
in  quality,  and  the  discovery  of  new  processes.  Among  the  privileges 
obtainable  by  each  firm  joining  an  association  the  following  may  be 
mentioned : — It  will  receive  a regular  service  of  summarised  technical 
information  which  will  keep  it  abreast  of  the  technical  developments  in 
the  industry  at  home  and  abroad.  It  will  have  the  right  to  recommend 
specific  subjects  for  research,  and  if  the  Committee  or  Board  of  Research 
of  that  industry  consider  the  recommendation  of  sufficient  general  interest 
and  importance,  the  research  will  be  carried  out  without  further  cost  to 
the  firm  making  the  recommendation.  It  will  have  the  right  to  the  use 
of  any  patents  or  secret  processes  resulting  from  all  researches  undertaken, 
either  without  payment  for  licenses,  or  on  only  nominal  payment  as 
compared  with  firms  outside  the  organisation. 

The  Advisory  Council  make  an  important  suggestion  regarding  the 
constitution  of  the  Councils  of  these  research  associations.  They  recom- 
mend the  inclusion  of  labour,  in  order  that  workers  may  realise  how 
science  is  applied  to  industry,  and  that  they  may  urge  the  claims  of 
research  bearing  on  their  own  health  and  safety. 
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Considering  the  methods  generally  adopted  in  pre-war  times  by 
industrial  bodies  in  this  country,  the  success  of  the  Advisory  Council  in 
establishing  research  associations  is  remarkable.  Difficulties  are  en- 
countered which  seem  to  retard  or  prevent  combination.  In  some  instances, 
while  the  leading  firms  fully  appreciate  the  value  of  research  and  are 
willing  to  co-operate,  the  remaining  firms  in  the  industry  are  unwilling 
to  combine.  This  attitude  may  change  as  the  advantages  of  co-operation 
are  more  thoroughly  realised. 

One  of  the  most  important  developments  arising  from  the  administra- 
tion of  the  Advisory  Council  is  the  appointment  of  a Fuel  Research 
Board  under  the  directorship  of  Sir  George  Beil  by,  F.R.S.,  and  with 
Professor  Bone,  F.R.S.,  as  consultant.  The  problems  connected  with  coal 
and  its  uses  have  been  investigated  for  some  time  by  research  workers. 
In  his  address  to  the  Chemical  Section  of  the  British  Association  in  1915, 
Professor  Bone  called  attention  to  the  national  importance  of  a more 
adequate  scientific  control  of  fuel  consumption  and  the  utilisation  of  coal. 
He  showed  how  economies  could  be  made  in  various  industries.  He  urged 
the  establishment  of  a central  organisation  by  the  State  to  deal  with 
these  problems,  an  ideal  which  has  been  quickly  realised. 

From  the  report  just  issued  it  appears  that  the  Fuel  Research  Board 
pursue  two  main  lines  of  inquiry : “ first,  a survey  and  classification  of 
the  coal  seams  in  the  various  mining  districts  by  means  of  chemical  and 
physical  tests  in  the  laboratory;  and,  second,  an  investigation  of  the 
practical  problems  which  must  be  solved  if  any  large  proportion  of  the 
raw  coal  at  present  burned  in  its  natural  state  is  to  be  replaced  by  the 
various  forms  of  fuel  obtainable  from  coal  by  carbonisation  and  gasifica- 
tion processes.”  These  inquiries  open  up  a wide  range  of  economic 
problems,  including,  among  others,  smokeless  fuel  for  domestic  purposes, 
fuel  oil  for  the  navy,  supplies  of  gas  and  electric  power.  A laboratory 
apparatus  has  already  been  devised  which,  by  direct  weighing  and  measure- 
ment, gives  the  yields  of  gas,  oil,  water,  and  carbonaceous  residue  which 
result  from  carbonisation  at  any  definite  temperature.  But  before  formu- 
lating any  scheme  for  the  replacement  of  raw  coal  by  manufactured  fuel, 
experiments  must  be  carried  out  on  a comprehensive  scale.  The  aim  of 
these  experiments  will  be  “ to  determine  whether  an  economical  and 
efficient  apparatus  can  be  devised  for  the  carbonisation  of  coal  at  low 
temperatures,  and  whether,  by  the  use  of  such  an  apparatus  for  the 
carbonisation  of  properly  selected  coals,  products  will  be  obtained  of  a 
collective  value  greater  than  that  of  the  original  coal  plus  the  cost  of 
carbonisation  and  handling.” 
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For  the  solution  of  these  problems  an  experimental  research  station  is 
to  be  established  near  London.  This  locality  has  been  chosen  owing  to 
the  generous  action  of  the  Chairman  of  the  South  Metropolitan  Gas 
Company,  who  offers  to  lease  a site  adjoining  their  works  at  a nominal 
rent,  to  give  facilities  for  the  transport  of  coal,  and  to  take  over  at  market 
prices  the  gas,  tar,  liquor,  and  coke  resulting  from  the  operations. 

In  connection  with  the  vast  deposits  of  peat  in  Ireland,  amounting  to 
nearly  three  millions  of  acres,  the  Fuel  Research  Board  have  taken  an 
important  step.  They  have  appointed  a Committee  to  inquire  into  and  to 
consider  the  experience  already  gained  in  Ireland  regarding  the  utilisation 
of  peat  for  fuel  and  other  purposes,  and  to  suggest  means  whereby  it  can 
be  profitably  won,  prepared,  and  used.  This  branch  of  inquiry  deserves 
careful  investigation,  for  the  peat  industry  has  not  received  sufficient 
attention  in  this  country  owing  to  our  large  supplies  of  coal.  Experi- 
ments have  proved  that  peat  will  produce  gas  suitable  for  gas-engines, 
a considerable  quantity  of  ammonium  sulphate,  and  coke  which  may  be 
used  for  heating  purposes.  In  Sweden,  peat-gas  plant  has  been  erected 
to  transform  power  won  from  peat  into  electric  power,  which  is  conducted 
to  towns  for  consumption.  From  the  installations  now  at  work  in  several 
countries,  there  is  ground  for  the  belief  that  there  may  yet  be  great 
commercial  possibilities  in  this  industry. 

Among  other  economic  questions,  the  Advisory  Council  are  dealing 
with  problems  concerning  working  conditions  in  mines,  mine  - rescue 
apparatus,  concrete,  the  glass  industry,  and  technical  optics.  But  the 
range  of  their  activities  is  not  confined  to  the  initiation  of  research  and 
preliminary  inquiries.  They  have  launched  a new  periodical  which  is 
intended  to  record  the  progress  made  at  home  and  abroad  in  the  application 
of  science  to  industry.  The  first  number  is  devoted  to  an  account  of 
Industrial  Research  in  the  United  States,  by  A.  P.  M.  Fleming,  M.I.E.E. 
This  valuable  report  gives  descriptions  of  the  industrial  research  laboratories 
in  various  works,  and  in  educational,  State,  and  private  institutions,  with 
a statement  of  the  funds  available,  and  of  the  methods  of  selecting  and 
training  scientific  investigators.  At  the  head  of  these  organisations  stands 
the  Carnegie  Institution,  Washington,  with  an  endowment  of  about  four 
and  a half  million  pounds.  Its  aim,  as  defined  in  the  articles  of  incorpora- 
tion, is  to  encourage,  in  the  broadest  and  most  liberal  manner,  investigation, 
research,  and  discovery,  and  the  application  of  knowledge  to  the  improve- 
ment of  mankind.  Is  it  too  much  to  hope  that  the  magnificent  founder 
of  this  institute  may  establish  a similar  organisation  in  this  country  for 
the  British  Empire  ? 
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The  research  laboratories  described  by  Mr  Fleming  have  been  estab- 
lished in  recent  years.  Their  success  is  proved  by  the  economic  results. 
Manufacturers  in  the  United  States  are  much  more  alert  in  appreciating 
the  value  of  scientific  discoveries  to  industries  than  business  men  in  this 
country,  and  they  show  their  appreciation  by  giving  constantly  increasing 
facilities  for  industrial  research.  The  most  suggestive  part  of  this  report 
is  the  section  relating  to  the  organisation  of  British  Industrial  Research. 
The  author  admits  that,  since  the  war  began,  British  industries  have  been 
ready  to  undertake  new  lines  of  manufacture,  many  of  which  owe  their 
development  to  research.  But  the  facilities  for  such  investigation  are 
quite  disproportionate  to  the  magnitude  of  British  industry.  In  view 
of  American  experience,  Mr  Fleming  discusses  the  following  alternative 
schemes  of  research:  (1)  Research  laboratories  in  individual  works,  (2) 
research  laboratories  for  a group  of  works  in  the  same  industry,  (3)  the 
centralisation  of  research  in  the  universities  and  colleges,  (4)  an  imperial 
centralised  laboratory  for  the  whole  industry.  From  experience  in  the 
States  he  does  not  approve  of  attaching  special  research  laboratories  or 
experimental  stations  to  universities,  but  he  considers  that  the  other 
three  schemes  are  applicable  to  Britain. 

A great  administrative  change  affecting  the  National  Physical  Laboratory 
is  announced.  Arrangements  have  been  made  for  the  transfer  of  the 
property  of  that  laboratory  and  the  responsibility  for  its  maintenance 
from  the  Royal  Society  to  this  new  Department.  The  Executive  Committee, 
under  the  chairmanship  of  Lord  Rayleigh,  will  be  appointed  as  in  the  past, 
but,  in  the  future,  it  will  be  under  the  wing  of  the  new  Department,  and 
will  report  through  the  Advisory  Council.  The  report  further  alludes  to 
the  necessity  of  the  adequate  organisation  of  the  Geological  Survey,  both 
economic  and  scientific,  geodesy,  the  oceanographical  survey  and  the 
related  fisheries  survey,  meteorology,  the  survey  of  biological  products  of 
all  kinds,  and  the  survey  of  population,  which  are  distinct  from,  though 
complementary  to,  the  activities  of  the  Advisory  Council. 

Still  another  drastic  change  is  under  consideration,  viz.  the  establish- 
ment in  London  of  an  Imperial  Mineral  Resources  Bureau,  which  was 
recommended  by  the  Imperial  War  Conference,  including  the  repre- 
sentatives of  our  over-seas  Dominions.  A Committee  has  been  appointed 
to  prepare  a scheme  for  founding  such  an  institution,  to  collect  information 
concerning  the  mineral  resources  of  the  Empire,  and  to  advise  how  these 
resources  may  be  best  developed  and  made  available  to  meet  requirements. 

In  the  midst  of  these  activities  some  anxiety  has  arisen  concerning 
the  recognition  by  the  Government  of  the  claims  of  research  in  Pure 
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Science  in  this  country.  Sir  J.  J.  Thomson  expressed  the  thoughts  of 
many  investigators  regarding  this  question  at  the  deputation  to  the  Lord 
President  of  the  Council  last  year.  The  Advisory  Council  fully  appreciate 
the  strength  and  importance  of  these  claims,  but  they  point  out  the 
necessity  at  the  present  moment  of  arousing  and  developing  an  interest 
among  manufacturers  in  the  application  of  science  to  industry  when  the 
war  has  brought  about  conditions  favourable  to  the  assimilation  of  new 
ideas.  Our  universities  and  colleges  have  been  the  home  of  pure  research, 
and  we  have  been  exceptionally  fortunate  in  possessing  many  eminent 
men  within  their  precincts  with  the  power  of  initiating  research  in  Pure 
Science  which  have  led  to  discoveries  of  far-reaching  importance.  In 
this  connection  reference  should  be  made  to  the  volume  of  essays  on 
Science  and  the  Nation,  by  Cambridge  Graduates,  published  this  year. 
Its  object  is  to  enable  the  public  to  grasp  in  its  true  perspective  the 
relation  of  Pure  to  Applied  Science.  It  takes  as  its  motto  Huxley’s  dictum, 
“ What  people  call  Applied  Science  is  nothing  but  the  application  of  Pure 
Science  to  particular  classes  of  problems.”  In  his  introduction  to  this 
volume  Lord  Moulton  states  that  he  does  not  share  in  the  fear  that  Pure 
Science  is  in  danger  of  being  neglected  in  the  present  renovation  of 
industrial  effort.  This  may  be  true ; at  the  same  time  it  is  right  that  the 
nation  should  realise  the  achievements  in  the  whole  realm  of  science 
resulting  from  research,  and  how  the  discoveries  in  Pure  Science  have 
been  utilised  for  the  benefit  of  mankind.  This  admirable  series  of  essays 
is  of  inestimable  value  in  disseminating  this  knowledge. 

Before  closing  I seize  the  opportunity  of  calling  attention  to  the  present 
position  of  the  Oceanographical  Laboratory  in  Edinburgh  under  Dr  Bruce. 
There  is  no  money  available  to  carry  on  this  institution  for  another  year. 
A meeting  of  the  Committee  in  connection  with  this  laboratory  was  lately 
held  under  the  chairmanship  of  Lord  Strathclyde,  when  it  was  resolved 
to  make  a strong  effort  to  meet  this  emergency.  The  claims  of  this 
institution  have  been  considered  by  the  Carnegie  Trustees,  and  Sir  William 
M‘Cormick  has  promised  to  bring  them  before  the  Advisory  Council.  One 
point  is  certain,  that  an  appeal  will  be  made  to  those  interested  in  its 
welfare  to  raise  part  of  the  funds  necessary  for  one  year  to  give  time 
for  considering  its  future  destiny.  I am  confident  that  the  Fellows  of 
this  Society  and  others  will  do  their  part  in  trying  to  prevent  the  collapse 
of  this  institution  in  a country  which  is  the  home  of  oceanographical 
research. 


(Issued  separately  January  30,  1918.) 


WM.  J.  BEATON,  Lieitt.  M.G.C.,  Assistant  Librarian,  R.S.E. 
Killed  near  Ypres,  Sept.  24,  1917. 
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II. — Wm.  J.  Beaton,  Second  Lieutenant  Machine  Gun  Company, 
Assistant  Librarian,  R.S.E.  By  The  General  Secretary. 

Mr  Wm.  J.  Beaton  was  born  on  October  7,  1893.  He  entered  the  service 
of  the  Society  as  Assistant  Librarian  on  December  6,  1909,  and  continued 
to  fulfil  his  duties  with  the  greatest  efficiency  until  September  1914,  when 
he  was  allowed  to  enlist  in  the  15th  Royal  Scots.  In  July  1916  he  was 
wounded,  and  after  his  convalescence  he  applied  for  a commission,  and 
subsequently  returned  to  France  as  Second  Lieutenant  in  the  Machine  Gun 
Company.  According  to  the  detailed  report  by  his  brother  officer,  the 
manner  in  which  he  met  his  death  was  as  follows : — It  was  about  8 a.m.  on 
the  morning  of  the  24th  September,  about  4 miles  east  of  Ypres.  He  was  at 
the  time  in  a German  concrete  pill-box,  the  machine  guns  and  teams  being 
at  the  left  and  right.  Mr  Beaton  set  out  in  a thick  fog  to  visit  the  gun  on 
his  right,  and  apparently  lost  his  way.  Suddenly  the  fog  lifted,  and  from 
the  pill-box  Lieutenant  Beaton  was  seen  at  a position  well  forward  and  just 
in  front  of  the  German  trench.  Almost  immediately  he  was  sniped  at  by 
the  Germans.  Lieutenant  Dodd  and  a private,  Dalby  by  name,  went  out 
with  a stretcher,  but  found  that  he  was  past  hope ; he  just  managed  to  say 
good-bye.  The  body  was  brought  in  at  night  by  a party  of  the  Notts,  and 
Derbyshire  Regiment. 

In  another  letter  from  Lieutenant  Dodd  it  is  stated  that  Mr  Beaton 
was  the  most  popular  officer  of  the  Company  with  the  men,  probably  owing 
to  his  having  been  in  the  ranks  himself,  and  also  to  his  cheery  disposition. 
He  could  never  do  enough  for  them.  Just  before  going  into  the  trenches 
about  September  20th,  he  discovered  that  the  men  had  not  a cigarette 
among  them,  and  rode  ten  miles  on  a heavy  push  bike  to  buy  them  some. 
On  another  occasion  during  a heavy  bombardment  he  insisted  on  remaining 
with  the  men,  for  whom  there  was  no  shelter,  rather  than  take  advantage 
of  a shelter  for  officers.  He  was  always  thinking  of  the  men  in  one  way 
or  another,  and  his  death  was  most  deeply  regretted. 

The  accompanying  portrait  is  reproduced  from  a photograph  taken  by 
J.  Campbell  Harper,  Leith,  in  the  early  part  of  the  year,  shortly  after 
Mr  Beaton  received  his  commission. 
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III. — Notices  of  Fellows,  Honorary  and  Ordinary,  recently 
deceased.  By  The  General  Secretary. 

Adolf  Ritter  von  Baeyer  was  born  on  October  31,  1835,  in  Berlin.  His 
interest  in  chemistry  began  at  the  early  age  of  nine,  when  his  father  gave 
him  a copy  of  Stockhardt’s  Schule  der  Chemie.  Subsequently  he  studied 
under  Bunsen  at  Heidelberg,  and  also  under  Kekule,  whom  he  followed  to 
Ghent,  and  whom  he  always  considered  to  be  his  real  teacher.  In  1860  he 
returned  to  Berlin,  and  became  Privatdozenten  at  that  University.  From 
this  day  onwards  he  published  numerous  papers.  After  three  years  spent  in 
Strassburg  as  Professor  of  Chemistry  he  finally  settled  at  Munich,  where  most 
of  his  chemical  researches  reached  maturity.  The  influence  Baeyer  exerted 
in  the  development  of  chemical  science,  and  especially  of  organic  chemistry, 
was  greater  probably  than  that  of  any  other  single  man,  for  almost  every 
professor  of  chemistry  now  in  Germany  passed  through  his  laboratories  at 
Munich  and  received  a stimulus  there  from  the  enthusiastic  head. 

He  was  elected  an  Honorary  Fellow  of  the  Royal  Society  of  Edinburgh 
in  1900,  and  died  in  August  1917,  in  his  eighty-second  year. 

Jean  Gaston  Darboux  was  born  at  Nimes  on  August  13,  1842.  In 
1861  he  headed  the  lists  for  admission  to  the  Ecole  Polytechnique  and  to 
the  Ecole  Normale.  At  the  latter  institution  he  showed  his  bent  towards 
geometry,  and  in  a few  years  was  publishing  memoirs  on  Orthogonal 
Surfaces.  After  filling  various  teaching  posts  of  importance,  he  became, 
in  1880,  Professor  of  “ Geometrie  superieure,”  and  proved  himself  a 
worthy  successor  of  Chasles.  His  great  treatise  on  The  General  Theory  of 
Surfaces  was  published  in  four  volumes  between  1887  and  1896.  He  was 
elected  a member  of  the  Academie  des  Sciences  in  1884,  and  in  1900  was 
chosen  Secretaire  perpetuel. 

He  was  elected  an  Honorary  Fellow  of  our  Society  in  1902,  and  of 
the  Royal  Society  of  London  in  1900;  and  received  in  1916  from  the 
Royal  Society  of  London  the  award  of  the  Sylvester  Medal.  He  died  in 
February  1917. 

Walter  E.  Archer,  C.B.,  was  born  in  1855.  In  1884  he  acquired  the 
fishing  rights  of  the  Sands  River,  Norway,  where,  by  his  researches  into 
the  life-history  of  the  salmon,  he  began  the  work  with  which  he  was 
closely  associated  throughout  his  life.  In  1892  he  was  appointed  Inspector 
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of  Salmon  Fisheries  for  Scotland,  and  in  1898  became  Chief  Inspector  of 
Fisheries  for  England  and  Wales,  and  subsequently  held  the  appointment 
of  Assistant  Secretary  to  the  Board  of  Agriculture  and  Fisheries.  He 
served  on  the  Royal  Commission  on  Salmon  Fisheries  from  1900  to  1902, 
and  on  the  Committee  on  Ichthyological  Research.  In  1908  he  became 
President  of  the  International  Council  charged  with  the  exploration  of  the 
North  Sea,  a subject  to  which  he  devoted  the  closest  attention.  Failing 
health  compelled  him  to  retire  from  active  service  in  1912. 

He  was  elected  a Fellow  of  the  Royal  Society  of  Edinburgh  in  1893, 
and  died  in  Norway  on  August  19,  1917. 

Benjamin  Hall  Blyth,  M.A.,  V.P.  Inst.  C.E.,  was  born  at  Edinburgh 
on  May  25,  1849.  He  was  elected  a Fellow  of  the  Royal  Society  of 
Edinburgh  in  1898,  and  died  on  May  13,  1917. 

An  Obituary  Notice  by  W.  A.  Tait,  D.Sc.,  will  be  found  in  vol. 
xxxvii,  p.  387. 

John  Ferguson,  M.A.,  LL.D.,was  born  in  the  East  of  Scotland  in  1837, 
and  was  educated  at  the  Glasgow  High  School  and  the  Old  Glasgow 
College,  where  he  graduated  M.A.  in  1862.  He  was  appointed  Professor 
of  Chemistry  in  the  University  of  Glasgow  in  1874,  and  continued  to  do 
the  work  of  that  chair  until  his  resignation  in  November  1916.  He  had 
a strong  interest  in  archaeological  and  historical  questions,  especially  m 
connection  with  the  development  of  chemistry,  and  he  communicated  to 
various  journals  and  periodicals  noteworthy  papers  along  these  lines. 
He  was  an  Honorary  Member  of  the  Imperial  Military  Academy  of 
Medicine  of  Petrograd,  and  a Foreign  Member  of  the  Societe  Fra^aise 
d’Archeologie. 

He  was  elected  a Fellow  of  the  Royal  Society  of  Edinburgh  in  1888, 
and  died  on  November  2,  1916. 

Charles  Frederick  Pollock,  M.D.,  F.R.C.S.E.,  was  born  in  1856.  He 
studied  medicine  in  the  University  of  Glasgow,  where  he  graduated  M.B. 
in  1880  and  M.D.  in  1882.  He  was  also  a Fellow  of  the  Royal  College  of 
Surgeons  both  of  Edinburgh  and  London,  and  a Licentiate  of  the  Royal 
College  of  Physicians  of  Edinburgh.  He  devoted  himself  especially  to 
ophthalmology,  and  held  several  important  positions  in  Glasgow  hospitals. 
He  was  the  author  of  Normal  and  Pathological  Histology  of  the  Human 
Eye  and  Eyelids , 1886,  and  Leprosy  as  a Cause  of  Blindness,  1889,  and 
“ Aids  to  Ophthalmology,”  Hospital  Gazette,  1885-86. 
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He  was  elected  a Fellow  of  the  Royal  Society  of  Edinburgh  in  1886, 
and  died  on  February  24,  1917. 

Robert  Robertson,  M.A.,  was  born  at  Thornhill,  Perthshire,  in  1850. 
After  training  as  pupil  teacher  and  also  at  Moray  House,  the  Free 
Church  Training  College,  he  entered  the  University  of  Edinburgh,  gradu- 
ating M.A.  in  1874  with  Honours  in  Mathematics.  In  1876  he  was 
appointed  head  mathematical  master  in  the  Edinburgh  Ladies’  College,  of 
which  he  became  headmaster  in  1891.  He  retired  in  1914. 

He  was  elected  a Fellow  of  the  Royal  Society  of  Edinburgh  in  1896, 
and  died  on  July  8,  1917. 

His  eldest  son — a brilliant  graduate  of  Edinburgh  and  Oxford — was 
reported  missing  at  the  front  in  the  summer  of  1916,  and  no  further 
information  has  been  received  concerning  him. 

A.  E.  Scougal,  M.A.,  LL.D.,  was  born  at  Rothesay  in  April  1846,  and 
was  educated  at  Cheltenham,  the  Edinburgh  Academy,  the  Edinburgh 
Institution,  and  the  University  of  Edinburgh,  where  he  graduated  M.A.  in 
1865.  In  1869  he  was  appointed  acting  inspector  of  schools,  and  in  1872, 
under  the  new  Education  Act,  he  was  placed  in  charge  of  the  Border  District 
of  Scotland.  From  1888  to  1899  he  had  charge  of  the  East  Lothian  and 
Leith  District,  and  after  five  years  spent  in  Glasgow  he  was  transferred  to 
Edinburgh  as  chief  inspector  in  the  Southern  Division,  an  office  which 
carried  with  it  at  that  time  the  chief  inspectorship  of  all  the  Training 
Colleges  in  Scotland.  He  finally  retired  from  the  service  of  the  Department 
in  1911.  In  1915,  however,  on  account  of  war  conditions,  he  took  up  again 
the  duties  of  chief  inspector  of  the  Training  Colleges.  The  University  of 
Edinburgh  conferred  upon  him  the  degree  of  LL.D.  in  1908. 

He  was  elected  a Fellow  of  the  Royal  Society  of  Edinburgh  in  1889, 
and  died  on  November  6,  1916. 

T.  Edgar  Underhill,  M.D.,  F.R.C.S.E.,  was  born  in  Scotland  in  1856, 
and  graduated  M.B.,  C.M.,  at  the  University  of  Edinburgh  in  1876.  He 
obtained  subsequently  the  diplomas  of  the  College  of  Surgeons  of  Edin- 
burgh and  London.  He  settled  at  Barnt  Green,  Worcestershire,  as  a 
practitioner,  and  was  for  some  time  surgeon  in  the  Guest  Hospital,  Dudley. 
He  was  the  author  of  two  papers  in  the  Lancet , “Fracture  of  Three  Ribs 
from  Muscular  Action  ” and  “ Post-mortem  Hyperpyrexia.” 

He  was  elected  a Fellow  of  the  Royal  Society  in  1889,  and  died  on  May 
8,  1917. 
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The  following  Notice  is  contributed  by  Professor 

J.  Clarence  Webster. 

Nicholas  Senn  was  born  in  Switzerland  in  1844.  In  1852  his  family 
migrated  to  the  State  of  Wisconsin,  where  his  early  education  was  obtained. 
He  studied  medicine  in  Chicago,  where  he  graduated  in  1868.  After 
several  years  of  practice  in  Wisconsin,  he  studied  in  the  University  of 
Munich,  where  he  obtained  a medical  degree  in  1878.  He  then  practised 
in  Milwaukee  until  1893,  when  he  took  up  his  permanent  residence  in 
Chicago. 

From  this  time  until  his  death  on  January  2,  1908,  he  was  one  of  the 
foremost  surgeons  in  America,  and  he  established  a reputation  which  was 
recognised  in  every  civilised  country.  From  1884  to  1888  he  was  Professor 
of  Surgery  in  the  College  of  Physicians  and  Surgeons,  Chicago,  and  there- 
after, until  the  time  of  his  death,  he  was  Head  of  the  Department  of 
Surgery  in  Rush  Medical  College,  affiliated  with  the  University  of  Chicago. 

He  is  generally  credited  with  having  been  the  first  to  introduce  modern 
scientific  and  experimental  methods  in  American  surgery.  He  was  a 
recognised  authority  in  military  surgery,  and  founded  the  Association  of 
Military  Surgeons  of  the  United  States  in  1891.  He  was  Surgeon-General 
of  the  State  of  Illinois,  and  served  in  an  important  position  in  the  Spanish- 
American  War. 

He  was  famous  as  an  operator,  as  a teacher,  and  as  an  investigator.  He 
had  an  extraordinary  capacity  for  hard  work,  which  was  carried  on  as 
a sacred  duty  in  the  service  of  his  fellow-men.  His  benefactions  were 
numerous,  among  them  being  gifts  of  a very  valuable  medical  library 
to  one  of  the  leading  libraries  of  Chicago,  and  of  a clinical  building  to 
Rush  Medical  College. 

In  his  later  years  he  was  a great  traveller,  accounts  of  his  journeys 
having  been  published  in  six  volumes.  He  wrote  many  books  and  medical 
articles,  and  was  the  recipient  of  many  honours  from  his  own  and  foreign 
countries. 

He  was  elected  a Fellow  of  the  Royal  Society  of  Edinburgh  in  1902. 
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IV. — Period  of  Survival  of  the  Shore-Crab  (Carcinus  maenas)  in 
Distilled  Water.  By  Robert  K.  S.  Lim.  (From  the  Labora- 
tory of  Physiology,  Edinburgh  University.)  Communicated  by 
Professor  Sir  E.  A.  Schafer,  F.R.S. 

(MS.  received  July  24,  1917.  Read  November  5,  1917.) 

In  some  recent  experiments  on  Ligia  oceanica,  Tait  (13)  found  the  period 
of  survival  of  the  animals  in  fresh  water  to  be  largely  dependent  on 
their  moult-age,  freshly  moulted  animals  surviving  longer  than  animals 
approaching  new  moult.  It  was  of  interest  to  know  whether  this  result 
applies  only  to  Ligia.  At  the  suggestion  of  Dr  Tait,  to  whom  I am 
indebted  for  advice  and  encouragement,  I have  carried  out  somewhat 
similar  experiments  on  Carcinus  mcenas  (Pennant).  That  this  crab  does 
survive  for  an  appreciable  period  in  fresh  water  was  first  noted  by 
Couch  (3).  At  a later  period,  Plateau  (10)  showed  that  newly  moulted 
Carcini  (and  other  marine  Crustacea)  succumbed  earlier  than  the  others ; 
that  survival  varied  directly  with  size ; and  that  loss  of  salts,  principally 
NaCl,  caused  the  death  of  the  animal.  It  was  only  after  the  present 
experiments  had  been  completed  that  I learned  of  Plateau’s  paper,  so 
that  my  results  are  mainly  confirmatory. 

Details  of  Technique. 

The  experiments  took  place  during  the  months  of  July,  August,  and 
September  1916,  with  the  room  temperature  varying  from  18°  to  21°  C. 

The  freshly  caught  crabs  were  kept  without  food  under  damp  sea- 
weed in  a covered  tank.  Under  such  conditions  they  may  survive  for 
weeks ; the  animals  used  for  experiment,  however,  were  never  kept 
longer  than  four  days.  The  weight  is  more  rapidly  determined  when 
they  are  in  a semi-dry  condition,  for  in  spite  of  all  manipulation  a 
variable  amount  of  water  adheres  to  the  gills  and  setae  of  crabs  taken 
straight  from  sea-water. 

The  immersion  fluids  consisted,  in  a few  experiments,  of  tap-water, 
but  in  the  others  of  distilled  water.  In  tap-water  the  crabs  survived,  if 
anything,  appreciably  longer  than  in  distilled  water. 

During  each  experiment  the  immersion  fluid  was  kept  aerated,  the 
apparatus  for  the  purpose  being  the  same  as  that  employed  by  Tait, 
with  these  two  points  of  difference : viz.  that  it  was  found  necessary  to 
protect  each  capillary  aeration  tube  with  another  tube  of  stout  glass,  and 
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that  wide-mouthed  bottles,  provided  with  caps  or  lids  to  prevent  escape, 
were  used  to  hold  the  animals.  A separate  bottle  was  at  first  used  for  each 
crab ; at  a later  stage  selected  groups  of  animals  were  immersed  together 
in  a large  container  provided  with  two  or  three  aeration  tubes. 

Before  immersion  in  its  bottle,  each  crab  was  weighed ; the  breadth 
of  the  carapace  between  the  two  most  widely  separated  points  was  also 
measured.  Thereupon  each  animal  was  washed  in  a vessel,  first  under 
running  tap- water,  and  then  in  three  changes  of  distilled  water.  The 
washing  process  lasted  about  ten  minutes ; the  time  of  immersion  was 
reckoned  from  the  first  contact  with  tap-water.  Tests  carried  out  with 
silver  nitrate  solution  showed  that  the  preliminary  washing  suffices  to 
remove  all  but  the  merest  trace  of  externally  adhering  salts  About 
0 01  per  cent,  of  chlorides  remained.  The  crab  was  finally  immersed  in 
20  times  its  weight  of  distilled  water,  and  there  left  till  all  respiratory 
movement  had  ceased,  whereupon  the  animal  was  again  weighed,  after 
being  shaken  free  of  water  and  wiped  with  a cloth.  Groups  of  crabs 
immersed  in  one  dish  were  treated  in  essentially  the  same  way.  Over 
one  hundred  individual  immersions,  apart  from  group  immersions,  were 
made. 

Experimental  Results. 

It  being  necessary  to  classify  the  crabs  according  to  the  phase  of 
moult,  a threefold  grouping  was  adopted,  viz.  (1)  those  just  moulted, 
(2)  those  intermediate  between  two  moults,  and  (3)  those  approaching  new 
moult.  These  phases  may,  for  shortness,  be  designated  post-moult,  inter- 
moult , and  pre-moult  respectively.  Crabs  in  the  post-moult  phase  are 
of  course  unmistakably  distinguishable  by  the  softness  of  the  cuticle ; 
they  are  brownish  dorsally  and  yellowish  ventrally.  In  the  inter-moult 
phase  the  shell  is  conspicuously  clean,  the  articular  membranes  are 
colourless,  while  the  animal  as  a whole  is  green  dorsally  and  white  to 
green  ventrally.  Animals  in  the  pre-moult  phase  have  red  articular 
membranes;  they  are  dark  green  dorsally  and  orange  to  red  ventrally, 
and  sometimes — more  especially  the  males — exhibit  dirty-looking  ex- 
cavations and  perforations  of  the  carapace.  According  to  Smith  (11), 
those  animals  with  red  articular  membranes  are  sexually  mature.  The 
most  careful  search  failed  to  discover  red  pre-moult  crabs  below  5 cm. 
(males)  and  3 cm.  (females),  indicating  that  maturity  is  only  attained  at 
these  sizes.  Five  animals  below  5 cm.  were  observed  during  the  process 
of  moulting.  In  two,  the  short  pre-moult  phase  was  characterised  by 
the  passing  of  the  green  colour  of  the  inter-moult  condition  to  one  of 
greenish  grey  and  finally  to  a dirty  grey;  in  the  remainder,  no  colour 
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change  was  noticeable.  The  exuviated  cuticles  of  the  former  were 
translucent  and  almost  devoid  of  green  pigment,  while  those  of  the 
latter  were  identical  with  the  cuticles  of  inter-moult  animals.  Above 
this  size,  there  are  no  means  of  identifying  immature  pre-moult  animals, 
hence  it  seems  probable  that  maturity  is  reached  before  ecdysis.  This, 
at  any  rate,  is  true  of  the  females,  which  do  not  mate  except  in  the 
post-moult  condition.  In  the  experiments  here  recorded,  the  pre-moult 
individuals  employed  were  all  sexually  ripe  examples. 

The  largest  series  of  individual  immersions  was  carried  out  with  inter- 
moult  crabs,  the  results  being  shown  in  the  two  appended  tables.  The 
following  conclusions  may  be  derived  from  these  figures : — 

(a)  Sex  has  little  influence  on  the  result.  This  confirms  Tait’s  findings 
(13)  in  the  case  of  Ligia. 

(b)  Size  has  a marked  influence,  large  crabs  surviving  longer  thamsmall. 
While  this  finding  is  also  similar  to  Plateau’s  (10)  and  Tait’s  (13),  the  present 
results,  obtained  with  a series  of  animals  of  greater  range  of  size,  enable 
one  better  to  appreciate  the  enormous  influence  of  this  particular  factor. 
As  an  illustration,  one  may  perhaps  compare  the  shortest  survival  period, 
one  hour  ten  minutes  in  a crab  less  than  1 cm.  in  breadth,  with  the  longest, 
twenty  hours  in  a crab  of  7-8  cms.  breadth.  The  tables  also  show  the 
extreme  limits  of  variation  for  each  particular  size.  Variation  may  be  due 
in  part  to  the  animals  being  at  the  extremes  of  their  size  group,  e.g.  the 
group  IT-2'0  cms.  Of  the  sixteen  animals  used,  eleven  were  below  1*4  cm., 
with  an  average  survival  period  of  3 hrs,  30  mins. ; one  1*5  cm.,  with  a sur- 
vival period  of  7 hrs.  30  mins. ; while  the  other  four  were  above  1*7  cm.,  and 
had  an  average  survival  period  of  8 hrs.  5 mins.  Similarly,  variation  may 
depend  on  whether  the  animals  are  commencing  or  ending  their  moult 
phase.  It  has  already  been  noted  that  mature  pre-moult  crabs  below  5 cms. 
(males)  and  3 cms.  (females)  were  unprocurable ; hence  below  these  sizes  it 
is  possible  that  immature  pre-moult  forms  were  immersed  along  with  inter- 
moult  animals  (from  which  they  are  not  readily  distinguishable  on  account 
of  their  similarity  in  colour),  giving  rise  to  low  survival  periods. 

(c)  Moult-cige  has  also  a decided  influence,  survival  being  shortest  with 
the  post-moult  crab,  longer  with  the  pre-moult,  and  longest  with  the  inter- 
moult.  This  result  corroborates  Plateau’s  (10)  but  would  seem  to  negative 
Tait’s  observations  (14),  though,  in  comparing  the  moult  ages  of  Ligia  and 
Carcinus,  one  has  to  bear  in  mind  that  the  former  moults  in  two  stages. 
Thus  the  post-moult  phase  of  Carcinus  does  not  correspond  to  that  of  Ligia, 
but  rather  to  the  phase,  “ between  posterior  and  anterior  moult,”  in  which 
the  posterior  half  of  Ligia  is  in  a post-moult  condition,  while  its  anterior 
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half  is  imminently  pre-moult.  Post-moult  animals  harden  rapidly  and  in 
a few  days  acquire  inter-moult  characteristics,  including  longer  survival. 
A post-moult  Ligia,  therefore,  being  practically  inter-moult  posteriorly  and 


Results  of  Immersion  Experiments — Males. 
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becoming  rapidly  so  anteriorly,  corresponds  to  an  early  inter-moult  con- 
dition of  Carcinus. 


Behaviour  during  Immersion. 

The  behaviour  of  the  crabs  during  immersion  was  moderately  uniform, 

although  some  were  more  active  than  others.  The  first  noticeable  effect 

was  lessened  activity,  accompanied  by  weaker  and  slower  movements.  The 

reflex  mechanism  became  gradually  impaired,  resulting  in  loss  of  response 
VOL.  xxxviii.  2 


18  Proceedings  of  the  Royal  Society  of  Edinburgh.  [Sess. 

on  stimulation.  Attempt  at  unflexing  the  abdomen  of  a normal  animal 
causes  violent  efforts  to  prevent  the  unbending,  and,  should  this  be  ac- 
complished, the  animal  is  able  to  close  the  abdomen  again.  With  an  im- 


Results  of  Immersion  Experiments — Females. 
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mersed  animal  the  response  is  feeble,  and,  once  opened,  the  abdomen  remains 
so ; similarly,  irritation  of  the  oral  margin  and  separation  of  the  third 
maxillipedes  produces  no  response.  The  righting  reflex  is  also  lost,  i.e.  the 
reflex  which  turns  the  crab  on  its  ventral  surface  when  it  has  been  placed 
on  its  back.  Respiration,  as  indicated  by  the  movement  of  the  scaphog- 
nathite,  had  already  ceased,  but  on  post-mortem  examination  the  heart 
was  found  to  be  still  acting. 

(Edema. 

Some  time  before  death,  flexion  of  the  limbs  commenced,  causing  the 
animal  to  be  gradually  raised  from  the  ground.  This  continued,  and,  being 
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more  marked  in  the  two  anterior  limbs,  forced  the  body  of  the  animal  into 
a sloping  position  with  the  anterior  end  downwards.  The  crab  was  thus 
enabled  to  turn  over  head  first  on  to  its  back,  in  which  position  it  remained 
till  respiration  ceased.  Some  of  the  animals  immersed,  however,  were  not 
found  in  this  position. 

When  examined  post-mortem,  the  arthrodial  membranes  were  tense  and 
the  carapace  was  considerably  raised  from  the  thorax.  The  abdomen  was 
often  found  unflexed,  and  the  softer  tissues  swollen.  This  swelling  was 
not  invariable,  as  some  animals  appeared  perfectly  normal.  The  weight, 
however,  was  found  to  have  increased.  The  cardiac  area  of  the  carapace 
was  then  removed,  when  an  excess  of  fluid  was  found  in  the  pericardium. 
As  already  mentioned,  the  heart  was  still  beating,  though  irregularly,  and 
continued  to  do  so,  although  exposed,  for  about  an  hour  afterwards.  The 
obvious  explanation  for  these  changes  is  oedema.  Increase  of  the  body 
fluid  was  evident  in  the  condition  of  the  pericardium,  and  would  naturally 
cause  tension  of  the  joints  and  lifting  of  the  carapace.  Semi-flexion  of  the 
limbs  is  similarly  explained. 

A number  of  crabs  showing  no  evidence  of  respiratory  or  other  move- 
ment were  transferred  to  sea-water,  and  recovery  resulted  in  a few.  Similar 
observations  were  recorded  by  Tait. 

Loss  of  Salts. 

Examination  of  the  immersion  fluid  showed  definitely  the  presence  of 
chlorides  and  traces  of  sulphates.  The  chlorides  were  estimated  in  a series 
of  eight  experiments  by  Mohr’s  method.  The  following  are  the  results : — 


Sex. 

Breadth. 

Weight. 

Duration  of 
Survival. 

Chlorides  in  Immersion 
Water. 

Original. 

Increase. 

Per  cent. 

Total. 

Post- 

Moult. 

F. 

5"2  cms. 

24-67  grms. 

2 "93  grms. 

3 hrs.  30  mins. 

0-026 

0-132  grm. 

F. 

43  „ 

14-90  „ 

1-50  „ 

3 ,,  30  ,, 

0-038 

0-112  „ 

M. 

5-2  „ 

2575  „ 

3"65  ,, 

4 ,,  30  ,, 

0-040 

0-206  „ 

Inter-Moult. 

M. 

6 '5  cms. 

62-60  grms. 

1 6 hrs.  00  mins. 

0-038 

0*472  grm. 

M. 

6-5  „ 

66-00  „ 

4-00  grms. 

17  „ 20  „ 

0-040 

0-521  „ 

M. 

5-4  ,, 

32-00  „ 

23  „ 40  „ 

0-040 

0-256  „ 

Pre-A 

[OULT. 

M. 

6‘6  cms. 

61  "60  grms. 

3 -40  grms. 

7 hrs.  40  mins. 

0-040 

0"489  grm. 

M. 

5-8  „ 

40-70  „ 

4-70  „ 

11  „ 30  „ 

0-038 

0-307  „ 
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(The  total  salts  present  in  the  fluid,  half  an  hour  after  immersion,  varied 
from  006-009  grm. ; these  were  taken  to  represent  the  residue  of  external 
salts  after  washing,  and  have  been  deducted  from  the  “ total  ” results  given.) 

The  above  shows  that  a definite  percentage  of  chlorides  is  invariably 
lost,  whatever  the  age  of  the  animal,  though  the  total  chlorides  necessarily 
depend  on  the  gross  weight.  This  plainly  indicates  the  cause  of  death — 
diminished  tonicity  of  the  body  fluid,  due  both  to  loss  of  salts  and  to  oedema, 
or  rather  hydraemia.  Hence,  the  period  of  survival  will  depend  on  the 
rate  of  diffusion  of  salts  out  of  the  crabs  and  on  the  onset  of  oedema,  thus 
reducing  the  question  to  one  of  permeability  of  the  membranes  of  the 
animal.  Similar  conclusions  have  also  been  reached  by  Plateau  (10),  by 
Loeb  (6)  working  on  Gammarus,  and  by  Abbott  (1)  on  the  Fiddler  crab. 
Loeb  has  not  only  shown  that  death  is  due  to  loss  of  salts,  but  that  the 
onset  of  death  depends  on  the  disturbance  of  the  antagonism  between  the 
sodium,  potassium,  and  calcium  ions  of  the  animal’s  fluid.  With  the  excep- 
tion of  Plateau,  however,  the  question  of  moult  has  not  been  dealt  with. 

Smith  (12)  and  Paul  and  Sharpe  (9)  have  pointed  out  that  the  changes 
occurring  during  moult  involve,  not  only  the  integuments,  but  also  the 
general  metabolism ; and  since  it  has  been  shown  that  the  moult  cycle 
profoundly  modifies  the  duration  of  survival,  the  condition  of  the  blood  as 
well  as  that  of  the  membranes  is  of  obvious  importance  in  considering  the 
rate  of  loss  of  salts. 

With  regard  to  the  blood,  Cuenot  (4)  states  that  preparatory  to  moult 
a crab  imbibes  a considerable  amount  of  fluid  through  its  alimentary  canal. 
Further  information  is  supplied  by  Paul  and  Sharpe  (9),  who  have  shown 
that  although  the  volume  of  the  blood  is  increased,  the  calcium  percentage 
remains  unaltered ; whether  this  holds  true  for  sodium  and  potassium  is 
not  mentioned.  This  result,  however,  indicates  that  the  total  calcium  has 
been  increased ; and  if  the  total  sodium  and  potassium  were  not  similarly 
increased,  according  to  Loeb  the  equilibrium  would  be  disturbed,  with 
resultant  harm  to  the  animal.  Therefore  it  may  be  presumed,  either  that 
the  three  ions  have  been  increased  in  due  proportion,  or  that  the  excess  of 
calcium  in  the  blood  is  not  in  a dissociable  condition  (viz.  calcium  soaps — 
see  Paul  and  Sharpe’s  paper).  If  the  latter  presumption  be  correct,  the 
blood  would  be  in  less  concentration  than  normal ; whatever  be  the 
explanation,  it  is  evident  that  under  such  conditions  the  animal  suffers  no 
ill  effects. 

The  other  factor  affecting  permeability  is  the  condition  of  the  membranes. 
The  present  experiments  uphold  Plateau’s  observations  that  the  soft 
membranes  of  the  newly  moulted  crab  are  extremely  permeable.  Histo- 
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logically,  there  is  practically  no  difference  in  the  structure  of  the  membranes 
during  any  phase  of  the  moult  cycle  (see  Vitzou  (15)),  though  it  is  possible 
that  the  post-moult  membrane  is  looser  in  texture.  It  has  long  been  known, 
however,  that  the  calcium  content  of  the  membranes  varies  according  to  the 
moult  phase.  I conclude  from  Paul  and  Sharpe’s  estimations  that  there  is 
no  calcium  in  the  integument  immediately  after  moulting,  and  that  just 
before  moulting  the  calcium  content  is  much  diminished. 

From  these  considerations  it  would  appear,  since  the  concentration 
of  the  blood  and  the  structure  of  the  membranes  seem  to  be  little  altered 
throughout  the  whole  moult  cycle,  that  the  duration  of  survival  depends  on 
the  amount  of  calcium  in  the  membranes.  Within  limits,  therefore,  the 
greater  the  percentage  of  calcium,  the  less  permeable  are  the  membranes 
and  the  longer  is  the  period  of  survival. 

It  is  of  interest  to  note  that  Bayliss  (2),  on  the  evidence  of  several 
researches  (see  those  of  Osterhout  (8)  and  Lillie  (5)),  comes  to  a similar 
conclusion  regarding  cell  membranes  in  general,  viz.  that  the  presence  of 
calcium  renders  the  cell  membrane  less  permeable.  Of  more  interest  is  the 
result  which  Meigs  (7)  obtained  with  an  artificial  membrane  of  calcium 
phosphate.  He  found  that  it  was  impermeable  to  the  chlorides  of  sodium, 
potassium,  and  calcium.  The  observations  just  quoted  further  substantiate 
the  conclusions  already  drawn. 

I have  to  thank  Dr  J.  H.  Ashworth  and  Dr  W.  W.  Taylor  for  the  help 
which  they  have  always  willingly  given. 

Summary. 

1.  The  period  of  survival  in  distilled  water  is  shortest  with  post-moult 
crabs,  longer  with  pre-moult,  and  longest  with  inter-moult. 

2.  Further,  a relatively  constant  percentage  of  salts  is  lost,  irrespective 
of  size ; hence  one  of  the  determining  factors  in  survival  is  the  rate  of 
loss  of  these  salts.  The  other  factor  is  the  rate  of  osmosis  of  water, 
causing  cedema. 

3.  With  regard  to  the  moult  cycle,  the  concentration  of  the  blood  and 
the  structure  of  the  membranes  are  seemingly  little  altered,  but  the  amount 
of  calcium  in  the  latter  varies  with  moult-age,  being  least  in  post-moult 
and  most  in  inter-moult  membranes. 

4.  It  is  concluded,  that  the  higher  the  percentage  of  calcium,  the  less 
permeable  are  the  membranes  and  the  longer  is  the  duration  of  survival. 

5.  (Edema  and  loss  of  salts  naturally  disturb  the  tonicity  equilibrium 
of  the  body  fluid,  and  thus  cause  death. 
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y — Thermodynamics  of  Adsorption.  By  A.  M.  Williams,  M.A.,  B.Sc., 
1851  Exhibition  Scholar  of  the  University  of  Edinburgh,  1911-14. 
Communicated  by  Professor  James  Walker,  F.R.S. 

(MS.  received  July  10,  1917.  Read  December  9,  1917.) 

Some  calorimetric  work  on  adsorption  * led  the  author  to  a closer  con- 
sideration of  the  thermodynamical  aspects  of  the  problem,  and  the  ensuing 
paper  is  the  result. 

Let  us  consider  an  adsorbent  whose  surface  of  contact  with  a gas  we 
can  reversibly  change. 

Let  v = volume  of  the  system  ; 

T = absolute  temperature  of  the  system  ; 
p — equilibrium  pressure  of  the  gas  ; 
n = number  of  mols.  of  gas  in  the  system  ; 
m—  „ grins,  adsorbent; 

g = , „ „ „ , adsorbing  at  p,  T ; 

a = „ mols.  of  gas  adsorbed  per  grm.  adsorbent,  adsorbing 

at  p,  T ; 

V = volume  of  one  mol.  gas  at  p,  T ; 

Vtt  = „ „ adsorbed  gas  at  p,  T ; 

vQ—  „ one  grm.  adsorbent,  not  adsorbing; 

Va=  „ „ „ adsorbing; 

s = surface  area  adsorbing  ; 

A = „ „ per  grm.  adsorbing ; 

cr  = surface  tension ; 

H = heat  taken  in  by  system  from  without ; 

, W — work  done  by  system  ; 

E = change  in  energy  of  system  ; 

<p=  „ entropy  of  system. 

We  have  the  two  following  relations  among  the  variables : — 

s = Ag  . . . . . . . . (1 ) 

v = (n-  ga)Y  + gaV a + (m  - g)v0  + gva  . . . (2) 

We  will  assume  that  we  cannot  arbitrarily  alter  the  dispersivity  of 
the  system  which  is  measured  by  A.  When  n and  m are  given  p and  T 

* Proc.  Roy.  Soc.  Edin vol.  xxxvii,  p.  161  (1917).  Before  this,  Professor  F.  G.  Donnan, 
E.R.S.,  and  the  author  projected  a thermodynamical  paper  on  somewhat  different  lines 
from  the  present.  The  author  acknowledges  with  pleasure  his  indebtedness  to  Professor 
Donnan. 
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fix  a,  V,  Va,  v0,  va,  A and  or,  but  not  g,  v,  s.  The  system  will,  in  general, 
have  its  state  completely  defined  by  fixing  any  three  of  p,  T,  v,  g , s.  (It 
can,  of  course,  be  defined  by  other  combinations  of  three  variables.)  Let 
us  select  as  our  controllable  variables  p,  T,  and  s. 

We  have  the  thermodynamical  relations 

dE  = dH-dW 

and 

dli  = T d<f> 

for  the  reversible  change  considered,  where  dE  and 

differentials. 

/0EN 


and 


+ 


\ 0S  Jp,  T 


ds 


are  complete 

• ■ (3) 


d<f>  = (<£E  + dW)/T 
— (dE  +pdv  - c rds)/I 


1/0E  dv 
= TV0T  +J°df 


1 /0E  0r 


1/0E  dv 


dT + + %r + tU +i%  - vds 


e> 


If  we  employ  as  variables  p,  T,  and  g,  equation  (4)  takes  a more 
symmetrical  form,  while  if  we  use  v,  T,  and  s,  it  assumes  a simpler  form. 
Evidently 


<ty\  = \(d3  , 

0T  Jp,s  TV0T  Z0T/ 


df\  _ I/0E  dv 

dp  )t,  s TV  dp  dp 


dcf> 

ds 


Since 


we  have  from  (6)  and  (7) 


1/0E  dv 
p,\ T T\0s  ”^0S 


d^u  d‘zu 
dydx  dxdy  ’ 


<T 


(5) 

(6) 
(7) 


1 / 3'2E  d2v  \ _ 1/  0^E  dv  32«  SoA 

T\dpds  ^^dpds)  T\0y0s  ds  ^ dpds  dp) 


or 


/dv\ 


(8) 


^ = • - 


Now 


\ ds/p,  T 
/0crN 


dcr  \ 


dp/s, 

da\ 


25 


1917-18.]  Thermodynamics  of  Adsorption. 


If  we  denote  by  T the  excess  concentration  on  unit  area  of  the  surface 
over  and  above  what  it  would  be  if  occupied  by  the  gas  alone  without 
alteration  of  the  volume  of  the  adsorbent, 


1 0o- 

V dp 


(9) 


= -#^7- when^v=RT  • • • m 

Jhl  op 

which  is  the  well-known  equation  due  to  Gibbs.* 

It  is  interesting  to  notice  that  since  the  amount  adsorbed  per  grin, 
adsorbent  is  usually  calculated  without  correcting  for  the  volume  of  the 
adsorbed  gas,  etc.,  what  is  measured  is  not  a,  but  FA.  Thus,  let 

v1  — volume  of  reservoir  containing  gas, 

v2  — „ adsorption  chamber  less  volume  of  adsorbent. 

Then  with  the  above  notation  we  have 


_ vl  ( v2  - ga  V a + gvQ  - gva 
n ~ y + y 


+ (J  a. 


Hut  if  a denote  the  calculated  value  of  a,  neglecting  the  volume  of  the 
adsorbed  gas,  etc., 

v,  v9 

— y + y + { 1a , 


or 


ga  = go. 


gaV a - g(v0  - va) 

Y 


+ 


v0  - v a 
V 


= r a. 


On  the  analogy  between  the  specific  volumes  of  a liquid  and  its 
saturated  vapour  the  difference  between  a and  a will,  in  ordinary  cases 
of  adsorption,  be  less  than  1 in  1000. 

From  equations  (5)  and  (7)  we  have  by  differentiation  as  before 


or 


1 / 02E  „d*v\ 

T\dsdT  +I>dsdT/ 


1 / 02  E 0o-  \ 

T\3s0T  +Pdsd T _ 0T/ 


1 /0E 

r2V0^ 


du  X \ 
+pds  - V 


(10) 


* Papers,  vol.  i,  p.  235.  For  other  methods  of  deriving  the  equation,  see,  among  others, 
Milner,  Phil.  Mag.  (1907)  (vi),  13,  p.  96  ; Ostwald,  General  Chemistry  (1912),  p.  499  ; 
and,  more  recently,  Porter,  Trans.  Far.  Soc.  (1915),  vol.  xi,  p.  51,  and  Harlow  and  Willows, 
ibid.,  p.  53. 
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If  we  are  dealing  with  a gas  below  its  critical  temperature,  we  may 
regard  or  as  a function  not  of  p and  T but  of  p/P  and  T,  where  P is  the 
saturated  vapour  pressure  at  T. 

Then 


0(7 

0T  A 


0<x\ 


dl'Jp/F  + [Sp/pJt  ' V *0T 


So-  \ fdp/P 


= (t)  +?(Sp 


0TA 


Pi  P 


dpj  t 


p (IP 
F ' dT 


= + ryP  . 

V0TA/P  P cT r 


dp 


0E\ 
ds  / p,  t 


CT 


-TSLrl’a-p 


Jd<r\  f 


_pV 

T 


r 


(10') 


Let  us  consider  the  case  when  p = P,  and  denote  o-(P,  T)  by  o-P.  Then 


0E\ 


= ; <t 


0S  / P,T 


'T'tcr p I I r| 

0T  ' " 


frp^P 

\ [ dT 


p y.r 


(10") 


TdP  _ p 
dT 


Now  the  change  in  energy  when  one  mol.  vapour  condenses  into  liquid 
is  given  by 

AE  = — ^VG  — V L 

Hence,  since 

TV  = a(VG  — Va)  approximately, 

= a(YG-YL) 

the  energy  change  when  the  adsorbent  is  exposed  to  liquid  instead  of 
vapour  is  given  by 


0E'\ 

=(rp 

OS  / P,  T 


■\(  T(X  p 

dT 


(ii) 


an  equation  similar  to  that  originally  given  by  Kelvin  for  the  stretching 
of  a film.  <7P  evidently  corresponds  to  the  surface  tension  between  two 
liquids. 

When  a powder  is  immersed  in  a liquid  no  external  work  is  done, 
hence  the  heat  of  immersion  emitted  per  grm.  adsorbent  is  given  by 


V 


'0E/N 

\ 

- b/ ' 

' P.  T 

0E,N 

) ‘ A 

. 0S  / 

'P,T 

V 

rpd'Tp\ 

dT  ) 

when  the  powder  is  free  from  any  adsorbate  before  immersion.  It  must, 
however,  be  noticed  that  in  the  equations  above  we  have  considered  the 
development  of  the  surface  to  proceed  from  the  interior  of  the  adsorbent 
amidst  the  gas.  In  the  case  of  immersion  a surface  has  already  been 
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formed  out  of  contact  with  the  gas.  For  this  surface  let  a — <j0  and  A = A0. 
Let  the  surface  contract  so  that  it  has  minimum  surface  negligible,  we 
will  suppose,  compared  with  A0.  Let  it  now  be  introduced  to  the  gas  and 
expanded  to  A at  P,  T.  The  total  change  of  energy  is  given  by 


dg  7 p,  t 

and  the  heat  of  immersion  will  therefore  be 

AP"  = A 


(ii') 


cr„  — — A(VP  — T^°’1 


0\  "0 


d T 


dT 


If  we  use  equation  (9)  to  define  a,  we  can  replace  a in  the  above 
expressions.  Thus 


r=  - 


— °"o 


1 da 

V dp 

p 

W dp 


(9) 


.'0 


aV 


dp 


o A 

-p 

A J p 


RT f Padp 


assuming  A constant  and  pV  = RT. 
Again,  since 


RT  [P  adp 

<rP  - a0  = - 

A Jo  p 


r r fplP 


a 


A Jo  p/P 


dp/P 


dan  — 


c r. 


dT 


p/p 


Now 


R p/p  a , /T)  RT  fp/p/da\  dp/P 

-A  1 PPcWP~A.L  (wLw 

R fp  a RT  fp  / 0a\  dp 

~ A Jo  p P ~ Tjo  \dijp/pj  ‘ 


/da 


\ /da\  /da\  /0p\ 

V0T  Jp/p  \8T/p  +\S pk'  \3T/j>/p 


A (?P'\ 

0p/rr\3T/a 


da  \ p dP 

dp )\ 


P dT 


or 


- ET\f  ( - ? 1 4 S4 


= RT2  rd-^SJ}da  - IflA  lQg  F . 
0T  dT 


aT 


(12) 


This  equation  for  the  heat  of  immersion  is  derived  on  the  assumption 
that  pV  = RT  and  A does  not  vary,  and  might  have  been  expected  from 
the  analogy  with  solution.  Expressions  for  the  heat  of  immersion  when 
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the  adsorbent  is  already  partially  saturated  may  be  derived  in  a similar 
manner.  It  is,  however,  desirable  to  take  into  account  the  variation  of 
A,  and  this  we  now  proceed  to  do  in  the  differentiation  of  equations  (5) 
and  (6).  We  have 

1 f 02E  _ i d2v  f 1 J0E  dv  ^ 1 J 02E  dv  ^ d2v  y 

’ Pdndff  ' TH0/>  + Pdp  I = T Iwf  + 3T  +;  Mr/ 


T f dpdT  dpdr 


or 


/0E\ 


,0®T 

/dv\ 


( dv\ 


(13) 


Now 
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0r 


The  second  term  on  the  right  represents  the  change  in  energy  of  the  un- 
adsorbed gas.  Since  — 0 approximately  for  a gas,  this  second  term 

may  in  general  be  neglected,  and  we  may  write 

1 


(-) 

s \0iys,T 


T(l) -*}T 


(14) 


In  ordinary  adsorption  observations  s and  T are  not  directly  measured, 
but  rather  g and  a.  It  will  therefore  be  of  interest  to  convert  the  equation 
into  terms  of  g and  a.  We  have 


/0E 


But 

and 


u-l  =(A)  +(y)  -V",  ■ 

\op  )(,,  T-  \ op  J s,  T V OS  J p,  T \cp/ g,  T 


ds  \ 


0E' \ 

dp  Js,  T 


V 


0r\ 

dp)  s, 


T 1 


Jdv 

\0T 


(13) 


S,p 


dv\ 

dg)p,> 


(i)  = 

\dpjs,  T 

dv\ 

dp) g,  T 

d(f 


v — (n  — ag)\ , g — s(A 
dv\  , )dv\  fdg 


- + 


dp)  t \dgjp,  t \dp)s,  t 


-M' 


da\ 


+ n-ag 


dp) S,  T 


\dp  ) [ 


-aV--vO'- 


0V\ 


dp  / t 
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Neglecting  as  before  the  change  in  energy  of  the  unadsorbed  gas,  we  get 


dl]  = (,v(p-  + T3-a  ) - —V( + T— ] 
' • Vdp  0T / A-  V dp  0T / 


/0E\ 


\dp/y,? 


\dp  / s,  T 

da  rfida  \ as  - 


dp  0T  / A2 


0A 


M\  0E 


dp 


0T  / 0s 


9 


0A 

019 


• =-(/V^rf^)  _A  qgVfT/3p\  _ 1/3A\  1 

' \0aA.T  ”/V\  V0TA  y J h A rWi  P/\0aA  + A 


"faking  for  simplicity  </=l,  we  have 


0E\ 
da)  (j. 


= - V T 


rJdp 


0T 


V, 


PI + \W  A 


+ flYT 


,/0y\ 

\0T/ 


0E\ 


/0A\ 
0 ' 


0(7  A,  t V da  / t 


PUT 


1 (d  A\ 


A \ 06«  / T 


(15) 


The  effect  of  a possible  variation  of  A is  represented  by  the  second  term 
on  the  right-hand  side.  We  cannot  easily  directly  estimate  its  value,  since 
we  cannot  measure  A.  It  is  therefore  necessary  to  compare  the  two  sides 
of  the  equation  (15)  by  means  of  other  observed  quantities. 

We  may  define  the  heat  of  adsorption  as  the  ratio  of  the  heat  evolved 
to  the  gas  adsorbed  when  only  a very  small  quantity  of  gas  is  adsorbed. 
For  our  present  purposes  we  will  consider  a and  not  a as  the  gas  adsorbed 
per  grm.  As  has  been  noted  before,  a and  a differ  in  ordinary  cases  by  a 
small  quantity  only.  We  will  consider  the  following  three  cases*  of 
adsorption  at  constant  temperature : — 

(1)  The  gas  is  adsorbed  very  slowly,  so  that  the  vapour  phase  is  con- 
stantly in  equilibrium  with  the  adsorbed  phase.  Work  is  done  by  pressure 
and  surface  forces.  Let  us  denote  this,  the  isothermal  equilibrium  heat  of 
adsorption , by  XT.  Then 


diK  = - X Tda  - pdv  + crd  A. 


The  third  term  represents  the  work  done  by  the  gaseous  phase  in  expand- 
ing, and  may  in  general  be  ignored. 

(2)  The  gas  is  adsorbed  at  constant  pressure.  Consider  first  an  equi- 
librium arrangement  whereby  a small  portion  da  of  the  gas  at  pressure  p 

* Following  Donnan  in  an  unpublished  paper. 
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is  isothermally  expanded  to  the  equilibrium  pressure  p of  the  adsorption 
chamber,  which  is  isolated  from  the  gas  to  be  adsorbed.  The  change  of 
energy  on  expansion  will  be 


da 


( (dF)  dV. 

'v- \3  V / t 


The  change  of  energy  on  equilibrium  adsorption  of  da,  the  adsorption 
chamber  being  brought  back  to  its  original  volume,  will  be 

(— ) da. 

\da  Jg,  T 

Hence  the  total  change  in  energy  of  the  system  will  be 


/0E\  j 7 , 
— - da  + da 


\daJ 


g,  t 


70E\ 


Jv-  \dVA 


where  the  second  term  is  in  general  negligible. 

In  the  non-equilibrium  adsorption  of  da,  the  work  done  by  the  gas  will 
be  —p'Y'da.  The  change  of  energy  will  be  the  same  as  in  the  equilibrium 
adsorption.  Hence,  if  \p,t  denote  the  isothermal  heat  of  adsorption  at 
constant  pressure , 

— Xp^da  + p'V'da' 


— ) da 
da  J g,  T 


or 


da  . 


,fda'\ 

\daj 


(17) 


^ ^ is  the  ratio  of  the  gas  entering  the  adsorption  chamber  to  the  gas 

actually  absorbed,  and  will  in  general  (i.e.  at  low  pressure,  etc.)  be  approxi- 
mately unity.  Thus  we  have,  equating  volumes, 

In  - a)Y  = (n  4-  da  — a — da)  { Y + da)t . 

I \0a/T  J 


da 

da 


)I 

V 


(dX\  . 

\dp  J t 

\daJ' 

The  second  term  is  usually  negligible.  For  example,  taking  y>V  = RT, 
we  have 

1 0Y 

dp 

n — a 0 logy 
a 


— (n  — a) 


Y 


da  p da 


0 log  a 


By  taking  the  gaseous  phase  in  the  adsorption  chamber  n — a sufficiently 
small  relative  to  a,  we  can  make  the  expression  as  small  as  we  please,  since 


0 logy 


, although  never  less  than  unity,  is  finite. 


0 log  y . - 

° ^ =n  when  a = anpn 
o log  a 01 


0 log  a 

and  n is  usually  greater  than  unity.)  The  third  term  in  case  (1)  may  be 
similarly  treated. 
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(3)  The  gas  is  adsorbed  at  constant  volume.  Consider  first  an  equi- 
librium arrangement  as  before,  whereby  a small  portion  da  is  isothermally 
expanded  to  the  equilibrium  pressure  p of  the  isolated  adsorption  chamber. 
The  remaining  gas  is  expanded  to  occupy  the  initial  volume,  while  da  is 
adsorbed.  The  total  change  in  energy  is,  as  before, 


da  + da 

oa  Jq,  T 


, fV8E\ 

J V' \dV  J T 


dV  + 


n0  - da  )( 


© 


) Y 'da  = I 


da/q,  t 


da  approx. 


In  the  non-equilibrium  adsorption  the  work  done  is  nil.  The  energy  change 
is  the  same  as  in  the  equilibrium  adsorption.  (We  are  again  assuming  the 
gas  phase  in  the  adsorption  chamber  negligibly  small.)  Hence,  if  \v  T denote 
the  isothermal  heat  of  adsorption  at  constant  volume, 


X 


v,  T = 


In  practice  the  heat  effect  measured  in  any  case  will  not  be  X,  but 


\da. 


Ja, 


Freundlich,  who  has  dealt  with  heats  of  adsorption  in  his  Kapillar- 
chemief  considers  an  “ isosteric  ” heat  of  adsorption  where  a is  constant , 
p and  T variables,  and  gives  the  heat  of  adsorption  per  mol.  under  these 

conditions  in  terms  of  the  Clapeyron  equation  X = RT2^^— . The  formula 


corresponds  to  the  value  for  \p>  T above.  But  it  is  difficult  to  see  how  we 
can  have  an  isosteric  heat  of  adsorption  per  mol.  adsorbed,  for  under  the 
defined  conditions  nothing  is  adsorbed.  We  have  merely  a readjustment 


of  p and  T. 


The  energy  change  is,  in  fact, 
Hence  the  heat  change  is 


) d T,  and  the  work  done 

9 , a 


where  the  quantity  in  brackets  is  evidently  the  specific  heat  of  the 
system  at  constant  a. 

The  only  published  measurements  connecting  the  heat  of  adsorption 
with  p,  a,  T are  those  of  TitofF.j*  He  compares  his  measured  heat  of 
adsorption  with  that  calculated  from  Freundlich’s  empirical  formula, 
which  is  based  on  the  substitution  of  a = a0pn  in  the  Clapeyron  equation. 
It  seems  more  desirable  to  compare  the  observed  heat  with  that  calculated 
directly  from  the  thermodynamical  formula.  As  Titoff  carried  out  his 
observations  under  none  of  the  arrangements  (1),  (2),  (3)  studied  above, 


* P.  108  et  sequitur.  See  also  Partington,  Thermodynamics , p.  444. 
t Zeits.  f.  physik.  Them.,  lxxiv,  p.  641  (1910). 
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but  allowed  the  adsorption  to  proceed  with  a fall  in  pressure  and  a decrease 
in  volume  of  the  system,  we  cannot  apply  any  of  the  formulae  (16),  (17),, 
(18).  The  observed  value  will  presumably  fall  between  the  values  for 
the  heat  of  adsorption  at  constant  volume  and  the  heat  of  adsorption  at 
constant  pressure.  It  will  be  noted  that  approximately 

'tp,  T = 'h,  T + RT, 

and  hence  it  will  be  assumed  that  Titoff  measured 


We  have 


A, 


y,  T 


T ""  2 R I — ^»,T+  JRT- 

- ( + RT  approx. 


da 


g,  T 


Hence  if  A were  constant 


1 dA 

A da 


\>,  T — "V  • T 


dp 

0T 


(19) 


which  corresponds  to  the  Clapeyron  equation. 

'dlogp 


In  the  tables  below,  RT2 


0T 


22400  is  given  as  calculated  by  the 


author  from  Ti toffs  observations.  Brackets  round  a value  indicate  that 
it  is  doubtful.  From  these  values  is  calculated  the  heat  of  adsorption  at 
0°  C.,  and  compared  with  the  observed  beat  at  the  same  temperature,  a is 
measured  in  c.cm.  gas  per  grm.  at  N.T.P.,  A in  calories  per  c.cm.  adsorbed. 


Table  I. — Ammonia. 


pT2  9 l°g  P / 22400. 
0T  / 

A. 

logio  a- 

116°  C. 

55°. 

15°. 

- 12°. 

0°  calc. 

A calc. 

A obs. 

a obs.  - a calc. 

2T0 

•298 

(•277) 

(•265) 

•386 

(■121) 

2-00 

'284 

•315 

•302 

•290 

•355 

•065 

1'80 

•306 

•351 

•331 

•319 

•360 

•041 

1-60 

•328 

•306 

•369 

•341 

•329 

•370 

•041 

1-40 

•328 

•323 

•375 

•352 

•340 

•375 

■035 

1-20 

•328 

•323 

•375 

•352 

•340 

•388 

•048 

l'OO 

•30 

•328 

(•38) 

. . . 

(•41) 

(•40) 

•41 

(•01) 

0-80 

•31 

•373 

*43 

0'50 

•41 

(•44) 

•45 

o-oo 

•42 

... 

The  variation  from  pV  = RT  would  not  affect  any  of  the  calculated  values  more  than 
1‘3  per  cent.,  i.e.  '005. 
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Table  II. — Carbon  Dioxide. 


9 1°? 

0T 

22400. 

A. 

logl0  a. 

116°  C. 

55°. 

15°. 

1 

CO 

CD 

o 

0°  calc. 

A calc. 

A obs. 

A obs.  — a calc. 

1-80 

(•293) 

(•269) 

(•285) 

(■273) 

•284 

(•on) 

1-70 

(•300) 

(•269) 

(•290) 

(•278) 

■280 

(•002) 

1-60 

•288 

(•273) 

•289 

*277 

•294 

•017 

1*40 

•295 

•283 

('287) 

•284 

•272 

•301 

•029 

1-20 

•299 

•300 

(•286) 

•296 

•284 

•307 

•023 

1-00 

•29 

•308 

•317 

(•287) 

•307 

•295 

•315 

•020 

0-80 

•28 

•317 

•305 

(■31) 

(■30) 

•324 

(*024) 

0-40 

•33 

■327 

•328 

(■33) 

(•32) 

•337 

(*015) 

o-oo 

•33 

•348 

•367 

, , . 

•346 

1-80 

•34 

•348 

... 

• > e 

... 

1-80 

•35 

... 

... 

... 

... 

... 

The  variation  from  pV  — RT  would  not  affect  any  of  the  calculated  values  more  than 
0’6  per  cent.,  i.e.  ‘002. 


Table  III. — Nitrogen. 


RT2  8 logy/22400. 

1 

A. 

logio 

116°  C. 

55°. 

15°. 

-40°.* 

0°  calc. 

a calc. 

a obs. 

A obs.  — a calc. 

1T0 

•002 

•21 

1-00 

... 

... 

•003 

... 

•21 

... 

0-80 

•176 

•004 

(•17) 

(•16) 

•21 

(•05) 

0-50 

T95 

•176 

•010 

(■17) 

(•16) 

•22 

(•06) 

o-oo 

•202 

•193 

•178 

( - ve) 

(•17) 

(•16) 

•22 

(•06) 

1-80 

■227 

T54 

T86 

( — ve) 

(■18) 

(■17) 

•22 

(•05) 

1-50 

•202 

T67 

T89 

(■18) 

(•17) 

•24 

(■07) 

LOO 

*214 

T12 

(•237) 

• • . 

■29 

• . • 

2-80 

•277 

... 

... 

... 

The  tabulated  values  evidently  indicate  either  (1)  some  systematic  error  in 
the  calorimetric  observations,  or  (2)  some  systematic  error  in  the  thermo- 
dynamical formula.  Even  if  we  assume  that  Titoff  observed  the  heat  of 
adsorption  at  constant  pressure,  only  in  three  doubtful  cases  out  of  twenty 
tabulated  would  the  reduction  by  -012  account  for  the  discrepancy  between 
calculated  and  observed  values.  Assuming  the  calorimetric  observations 
to  be  sound,  we  may  perhaps  lead  back  the  divergence  to  ignored  terms 
in  equation  (19).  We  have 


* Apparently  at  the  lowest  temperature  of  observation,  - 80°  C.,  the  charcoal  was  not 
allowed  time  to  saturate  itself. 

VOL.  XXXVIII. 
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T - 


T 


+ p'V 


,da 

da 


(17) 


=v 


+*v(T(l), 


1 0A 
A da 


n - g 

1 

a 


+/V'|  1 -(w-a)i  . 

_ d log  j?  _ rt+I  - — 

d log  a l dg 


0Y  dp\ 
dp  da) 


aY 


Kl), 


_1  0A 
A da 


assuming  pY  = RT. 

The  value  of  the  second  term  is  shown  in  Table  i V.  below.  It  evidently 
tends  to  reduce  the  discrepancy,  but  does  not  remove  it.  The  value  of  the 
term  was  calculated  assuming  the  volume  of  the  gas  in  the  adsorption 
chamber  to  be  20  c.c.  Titoff  gives  the  volume  of  the  smaller  bulb  employed 
as  circa  25  c.c.,  containing  4-10  grm.  charcoal,  density  1*8.  Hence 

n-ga  0 lo gp  RT  20  p 01ogp  -094. 

ga  0 log  a 22,400  ga  76  0 log  a 


Table  IV. 


p. 

ga. 

0 log  p 
0 log  a ‘ 

a. 

A. 

Correction. 

NHS  { 

0-3  cm. 

20  c.c. 

1*4 

5-5 

0-44 

o-oooi 

76 

510 

7 

135 

•38 

•007 

CO,  { 

0*2 

25 

1-3 

2-3 

0-35 

•0001 

73 

690 

3 

65 

•28 

•002 

N2  { 

1-0 

27 

1 

0-26 

0-29 

•002 

76 

140 

1*3 

13 

•31 

•004 

' Since  the  second  term  does  not  remove  the  discrepancy,  we  must  con- 
sider it  mainly  due  to  the  third  term,  which  represents  the  change  in 
energy  due  to  an  alteration  in  the  extent  of  the  adsorbing  area  per  grm. 
The  third  term  is 


0E 

dg 


«v|t 


(cp\ 

\0T7 


A 


1_0A 
A da 


-A 


+ apY 


1 0A 
A da 


from  (10) 


cr  + T 


0<X 

0T 


a 

A 


V T \ . 

• \df)AJ  da 


We  may  derive  an  estimate  for  the  value  of  — j.V.T 


dp\ 
0T  / A 


0A 

da 


as 

% 


follows : — 
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a 


_ _ YT 
A * 


dp' 
0T/a 


3A\  Cl  rj-\ 

da)  t A 


(dP_\ 

' \3TA 


3A\ 

3P 


/* 


dp' 
dajy 


= ® y t 

A ' \3T/] 


dp 

da 


Now 


= RT2 . . 

A\3T/r  \31oga/T 

Aoc  -yal  oc  v0:s  approx. 

1 0A_2 
” AST"5a 

where  a is  the  coefficient  of  volume  expansion  of  the  adsorbent, 

0 log  p 


d log  a 


= n 


where  n is  usually  greater  than  unity,  but  finite. 

Hence,  assuming  the  adsorbing  carbon  to  have  the  coefficient  of  expan- 
sion of  graphite  (and  not  of  a liquid), 


_ . YT  . 

A 


dp 


/dA)  =?x -000024  x«RT2 


v0T/a  \daj  t 3 

= ’005RT  n 
= ’00012 n per  c.cm., 

which  is  negligible  compared  with  the  terms  to  be  corrected. 
Again,  we  have 


- °o  = - 


paV 

A 


dp 


o 


- RT  f ~ — approx. 
Jo  A p 


da  — 


07 


0T 

■ydcr  — 


= -r[p—  ^_rt 

Jo  A p 


fp / 1 0a  a 0A \dp 

lo  \AdT~A2dfJj 


<T  - <Tn  — T 

0 0T 


Now 


<r0  -D m2p/l  3a  a 0A\<ip 
Jo  {AdT~AJdT)J’ 


-prno  fp  a 3A  dp  -orpo  fp  2 a dp 
KJA  -77:  = — = RT2  / _ -a  . — . — approx . 
Jo  A23T»  Jo  3 A p 


p Jo  6 A P 

where  a is  the  coefficient  of  volume  expansion 

= - ?aRT2P— ^ 

3 Jo  A p 

= ~ ~ ^o) 

= ’0044(cr  - cr0), 

which  is  negligible  compared  with  (cr  — cr0). 
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...  o-  - crn  - T — ^ = RTI 2  fP-(da)  ^ 

0 0T  Jo  A\0T )p  V 


RT2 


A 


If  we  denote  by  A the  divergence  between  observed  and  calculated 


values  of  the  heat  of  adsorption,  and  by  2 the  expression  cr0  — T 
have 


d(r0 

0T  ’ 


we 


A = - A U-T 


^0cr 


1 0A 


0T7  A da 


approx. 


-{AET^'^»-AS)xs; 

- W a a AS)I  c ‘pr*“- 

1 0A 

Since  A2  is  unknown,  we  cannot  evaluate  7 . 

A da 

proceed  by  another  step.  From  (20) 

RT2 


(20) 


0A\ 
da  )t 


= J>T2  t al°gp  # j_  9A  a02A  id A 
0T  A da  da2 1 da 


. . . (20') 
We  may,  however, 


02AA 
da 2 


=RT2aiog£  _ isa  + a 


0T 


A da 


d_n  0AV 

1 0A  da  \A  da  ) 
A da  ^ 1 0A 


A da 


(21) 


1 3A  A 3 1 3A  / 1 3A 
A da  da  A da  / A da 


0A 


If  the  second  term  in  (21)  is  negligible  compared  with  — , we  may 

OCv 


evaluate 


1 0A 


A . Assuming  the  term  negligible  for  the  moment,  we  may 

A OQj 

apply  (21)  to  the  first  three  observations  in  Table  I,  the  only  place  where 
the  tendency  to  increase  or  decrease  of  the  differences  A is  clearly  indicated. 
Here  it  is  presumably  due  to  the  upward  bend  in  the  heat  curve  shown 
in  the  figure. 

Neglecting  the  doubtful  value  of  A,  we  have  from  the  second  and  third 
values,  when  a = 82, 

i 0A 

•022/37  = *355—  . 

A da 

I ^=-0017-. 

A da 


From  (20'), 


•051  =(28  - A2)  -0017. 
A!2  = - 3 approx. 
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Hence,  when  a =100,  from  (20'), 


and  when  a = 63, 


l d_A 
A da 


= '062/36 
= ■0017-, 


1 -041/25 

A da 


= •0016-. 


Q.  > 100 


when  a = 82, 

a-3A(A&)/T^-061x-°0oi/37><-0017 


whence,  from  (21), 


= *0008, 


l dA 
A da 


*0014  more  nearly. 


This  leads  to  A2  = — 8 from  (20'),  but  if  we  calculate  a series  of  values 
of  A2  and  hence  evaluate  the  integral  in  (20),  we  get  AE=— 6.  The 
results  of  such  an  evaluation  are  shown  in  Table  IV,  where  it  is  assumed 
that  A2=  — 6 0 when  a = 82. 
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Table  V. 


a . 

A. 

RT2  [ad]ogpda. 
Jo  0T 

ART2  faldlogpda 
J0  A 0T  aa' 

AS. 

1 0A 
A 0a' 

(a)  Ammonia. 

126 

(0-113) 

40-4 

44-3 

-6-4 

0-0022 

100 

•062 

33  T 

36-0 

-6-2 

•0015 

82 

• • • 

... 

. . • 

-6-0 

•0014 

63 

•040 

21-9 

235 

-5-8 

•0013 

40 
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(b)  Carbon  Dioxide. 
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(c)  Nitrogen. 
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(•05) 
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... 
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•007 
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(■06) 

0-2 
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Since  A2  refers  to  the  adsorbent  in  vacuo , it  is  independent  of  the 
substance  adsorbed,  and  we  can  therefore  place  approximate  values  for  it 

evaluate  i ~ • It 
A da 

fortuitous  selection  of  results  has  led  to  a negative  value  as  above  of  the 
surface  energy  of  the  adsorbent  in  vacuo , namely,  — 5 calories  per  grm. ; 
though  such  a negative  value  is  not  surprising.  Thus  a gelatine  gel  and 
rubber  both  become  warmer  when  stretched ; * that  is,  in  these  cases  also, 
2 is  negative,  provided  their  surface  tension  is  negative.*)-  It  follows  from 
the  above  negative  value  that  adsorption  is  accompanied  by  an  increase  in 
surface,  which  is  apparently  most  marked  initially  and  presumably  vanishes 
finally.  This  is  analogous  with  the  expansion  of  a gel  on  picking  up 
water  * and  the  swelling  of  rubber  on  adsorbing  organic  vapours.  In  both 
cases  there  is  very  probably  an  expansion  of  '‘surface.” 


is  possible  that  a 


as  in  Table  V ( b ) and  (c),  and  thus 


Summary. 

1.  The  adsorption  of  a gas  has  been  investigated  thermodynamically 
with  special  reference  to  the  heat  effects  accompanying  adsorption. 

* Taylor,  Chemistry  of  Colloids , p.  142. 
f Cf.  Donnan’s  negative  surface  tension  of  colloids. 
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2.  Expressions  are  developed  for  three  isothermal  heats  of  adsorption 
of  a gas  and  for  the  heat  of  immersion  of  a powder  in  a liquid. 

3.  The  effect  of  the  variation  of  the  surface  of  an  adsorbent  when 
adsorbing  is  examined,  and  it  is  shown  from  Ti toff’s  observations  (assum- 
ing, of  course,  the  adsorption  to  be  reversible)  that  the  divergence  between 
calculated  and  observed  values  of  the  heat  of  adsorption  can  be  explained 
on  the  assumption  of  a change  of  surface  area.  The  fractional  change  of 
surface  per  c.cin.  adsorbed  can  be  calculated,  and  also  the  surface  energy 
per  grm.  adsorbent  in  vacuo. 

The  author  wishes  to  express  his  thanks  to  Professor  James  Walker, 
F.R.S.,  for  his  kindness  in  reading  and  helping  him  in  the  presentation  of 
this  paper. 


(Issued  separately  February  28,  1918.) 
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VI. — A Further  Study  of  the  Diets  of  Labouring  Class  Families 
in  Glasgow  in  War  Time.  By  Margaret  I.  H.  Ferguson,  from 
the  Department  of  Physiology,  University  of  Glasgow.  Com- 
municated by  Professor  D.  Noel  Paton. 

(MS.  received  January  26,  1918.  Read  February  4,  1918.) 

Throughout  1915  and  1916  a study  was  made  of  the  dietaries  of  forty - 
seven  labouring  class  families  in  Glasgow,  and  in  February  1917,  shortly 
after  the  publication  of  the  Devonport  Voluntary  Ration,  ten  of  the  original 
families  were  investigated  for  a second  time.  The  results  of  all  these 
studies  were  published  in  the  Proceedings  of  the  Royal  Society  of 
Edinburgh,  vol.  xxxvii,  p.  117,  1917. 

In  November  1917,  after  nine  months  of  voluntary  rationing,  after  the 
price  of  bread  had  been  reduced  from  5^d.  to  4|d.  per  2 lbs.,  and  just  before 
the  introduction  of  the  Rhondda  Voluntary  Ration,  the  diets  of  eight  of  the 
families  were  studied  for  a third  time. 

The  food  purchasable  per  penny  changed  little  in  the  nine  months 
between  the  two  latter  studies.  Bread,  meat,  and  potatoes  were  cheaper 
in  November  than  in  February,  but  the  price  of  milk  had  risen  from  3d.  to 
4d.  per  pint,  and  eggs,  vegetables,  and  many  other  commodities  were  also 
more  expensive. 

The  method  of  study  and  the  source  of  the  food  analyses  used  are 
explained  in  the  account  of  the  dietary  studies  of  the  same  class  which 
Miss  Lindsay  carried  out  in  Glasgow  in  1911  and  1912. 

As  is  usual  in  making  such  investigations,  the  food  requirements  of 
each  member  of  the  family  were  expressed  in  fractions  of  the  needs  of  a 
man  for  a single  day,  the  allowances  made  for  women  and  for  children  of 
different  ages  being  those  first  used  by  Atwater  and  afterwards  generally 
adopted  in  this  country.  The  needs  of  the  family  are  thus  expressed  as 
equivalent  to  so  many  “men  per  day.” 

The  study  extended  in  each  case  over  a period  of  seven  days. 

The  following  short  account  of  each  family  shows  that  most  of  the 
families  studied  had  more  than  an  average  number  of  children.  The  ages 
of  the  children  refer  to  the  period  of  the  last  study. 

M.  62. — A soldier’s  wife,  with  four  children,  aged  10,  7,  3,  and  years.  The 
father,  a man  of  very  intemperate  habits,  was  a labourer  before  enlistment.  Two 
members  of  the  family  died  between  the  first  and  second  studies.  The  older 


1917-18.]  A Further  Study  of  Labouring  Class  Dietaries.  41 

children,  who  are  small  for  their  ages,  have  been  very  rickety,  but  the  baby  is 
free  from  the  disease.  Although  hard  working,  the  mother  is  not  a good  manager, 
and  is  greatly  in  debt.  The  house  consists  of  two  small  but  clean  apartments. 

S.  84. — A labourer,  his  wife  and  six  children,  aged  12,  9,  7,  5,  3,  and  llj-|  years. 
The  father  is  intemperate.  In  1915  he  was  in  the  army,  and  the  family  had  an 
allowance  of  27s.  per  week.  While  he  was  on  service  his  wife  paid  over  X10  of 
debt  which  had  accumulated.  In  January  1917  he  was  sent  home  to  labour  at 
munitions,  but  owing  to  ill  health  his  earnings  have  since  been  very  irregular.  He 
was  off  work  during  August  and  September,  and  the  family  is  again  in  debt.  The 
mother  makes  a little  by  cleaning,  but  the  whole  family  looks  sickly  and  under- 
nourished. Their  condition  has  always  been  poor,  but  was  better  in  1915,  when 
the  father  was  a soldier.  The  income  was  then  more  regular,  and  the  diet  had  the 
better  but  still  inadequate  value  of  2836  Calories  per  man  per  day. 

N.  31. — A soldier’s  wife,  with  six  children,  aged  14,  11,  10,  9,  6,  and  2 Jr  years. 
The  children  are  all  much  over  the  average  in  height  and  weight.  Both  parents 
are  thrifty.  The  father  was  formerly  an  upholsterer. 

H.  47. — Family  consisting  of  father,  mother,  and  six  children,  aged  12,  10,  8,  7,  4, 
and  1 year.  The  father  lost  a leg  in  the  South  African  war,  and  has  a pension  of 
14s.  per  week,  which,  however,  is  used  long  before  the  quarterly  payment  is  due. 
The  father  is  often  employed  by  a shoemaker,  but  is  always  the  first  workman  to 
be  discharged  when  work  is  slack.  The  children  have  rickets,  are  very  small,  and 
poorly  clad  and  nourished.  The  baby  was  breast-fed  during  the  study.  The  house 
is  very  small  and  dirty,  and  in  a poor  locality. 

M.  112. — A seaman’s  wife  and  seven  children,  aged  13^,  11,  11,  8,  5^,  4,  and 
y#  years.  The  father  is  a heavy  drinker,  and  the  money  he  brings  to  his  wife  very 
irregular.  She  works  as  a lamplighter.  Although  temperate,  she  is  very  thriftless 
and  careless,  and,  in  spite  of  the  generous  diet,  the  children  do  not  look  healthy 
and  are  very  rachitic.  There  was  a good  deal  of  food  wasted  by  this  family,  but, 
as  was  done  in  each  study,  this  was  deducted  from  the  food  purchased  before  making 
the  calculations. 

H.  38. — A soldier’s  wife  and  seven  children,  of  ages  13,  12,  10,  8,  6,  4,  and  2 years. 
Prior  to  enlistment  the  father  was  a carpenter.  Although  rather  undersized,  the 
children  are  healthy.  The  mother  is  careful  and  thrifty,  and  the  house  is  a good  one. 

M.  65. — A soldier’s  wife  and  eight  children,  aged  14,  11,  10,  8,  5,  3^-,  and  twins 
of  2ijr  years.  The  eldest  girl  is  working  in  the  post-office.  When  first  studied  they 
were  living  on  30s.,  which  the  father  earned  weekly  as  a car  conductor,  and  at  that 
time  the  children  were  very  poorly  nourished.  Both  parents  are  sober  and  hard 
working.  This  family  lives  in  a basement  house  in  a good  locality.  Further 
particulars  of  this  family  are  given  on  page  43. 

FT.  150.— A labourer  in  a munitions  factory,  his  wife  and  two  children,  aged 
3 years  and  15  months.  The  parents  are  both  small  and  slightly  built.  They  are 
temperate  in  habits  and  the  children  look  well  nourished.  The  house  is  a single 
apartment. 

Altogether  57  persons  : 3 men,  8 women,  and  46  children  constituted 
the  families. 

Table  I gives  the  results  of  the  three  studies. 
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Table  I. 


First  Study,  1915-16, 
per  Man  per  Day. 

Second  Study,  Feb.  1917, 
per  Man  per  Day. 

Third  Study,  Nov.  1917, 
per  Man  per  Day. 

Protein  in 
Grams. 

Fat  in 
Grams. 

Energy  in 
Calories. 

Family 

Income. 

Protein  in 
Grams. 

Fat  in 
Grams. 

Energy  in 
Calories. 

Family 

Income. 

Protein  in 
Grams. 

Fat  in 
Grams. 

Energy  in 
Calories. 

Family 

Income. 

M.  62 

831 

86-2 

2674 

25/  f 

86-6 

79-3 

3088 

25/  t 

89-4 

74-7 

3196 

31/ 1 

S.  84 

86-0 

93-0 

2836 

27/ 1 

77*5 

63-8 

2530 

30/ 

82-3 

66*0 

2289 

38/ 

N.  31 

128-9 

128-2 

4174 

36/ 

1030 

67-8 

3112 

39/ 

136-1 

77-2 

4079 

44/ t 

H.  47 

88-9 

67-2 

3003 

22/ 

85-0 

62-3 

2714 

23/5 

100-1 

77-2 

3159 

34/ 

M.  112 

88-0 

97-5 

3318 

30/ 

105-9 

98-1 

3476 

55/6 

119-9 

134-6 

3650 

41/— 61 / + 

H.  38 

80-7 

80-0 

2691 

40/ 

114-2 

77-7 

3314 

40/  f 

97-7 

68-3 

3083 

40/ f 

M.  65 

75-5 

70-9 

2491 

30/ 

91T 

68-2 

2844 

71/ + 

12P2* 

96-0 

4220 

90/ f 

N.  150 

148-4 

105-3 

3568 

25/ 

138-6 

112-8 

3690 

35/6 

105-0 

92-7 

3202 

48/ 

Averages 

97-4 

91 

3094 

29/44 

100-2 

78-8 

3096 

39/11 

106-5 

85-8 

3360 

47/ 

Consideration  of  Table  I shows  that  five  of  the  diets  had  increased  in 
energy  value  at  the  last  study.  The  average  increase  amounted  to  264 
Calories  per  man  per  day,  but  was  chiefly  confined  to  two  families  (M.  65 
and  N.  31).  In  fact,  excluding  those  two  very  generous  diets,  the  average 
energy  value  of  the  six  showed  no  change,  being  3096  Calories. 

Six  families  show  an  increase  in  protein  consumption,  the  average  over 
the  whole  being  6*3  grams  ; and  five  show  an  increased  use  of  fat  (averaging 
7 grams  per  man  per  day). 

The  most  important  change  in  the  personnel  of  the  families  studied 
is  that  during  the  1915  studies  two,  during  the  February  studies  three, 
and  in  November  five  of  the  householders  were  absent  on  military  service 
(marked  f).  The  father’s  enlistment  resulted,  in  each  case,  in  an  increase 
of  the  family  income. 

At  the  first  investigation  the  income  of  the  eight  families  varied  from 
22s.  to  40s.  per  week,  in  February  from  23s.  to  7ls.,  and  in  November  from 
31s.  to  90s. 

At  the  second  investigation  those  four  families  whose  incomes  had  not 
increased  had  a poorer  diet,  and  those  with  a higher  income  had  a more 
generous  diet  than  when  previously  studied.  This  is  true  also,  with  one 
exception,  of  the  third  studies,  if  the  particular  circumstances  of  two  of 
the  families  are  taken  into  account.  Family  S.  84  appears  from  the  table 
to  have  a better  income  in  November  than  in  February,  but  in  reality, 


* In  this  family  there  is  a possibility  that  an  overestimate  of  the  food  was  made  through 
the  inclusion  of  some  flour  purchased  but  not  consumed. 
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owing  to  the  father’s  ill  health,  it  was  in  great  straits  during  the  recent 
study.  In  family  M.  112,  as  the  mother  was  earning  21s.  weekly,  and  the 
father  was  at  sea,  the  income  was  more  certain,  and  the  diet  shows  an 
increase  in  energy  value. 

In  N.  150  a rise  of  wages  had  been  accompanied  by  a fall  in  the  energy 
value  of  the  diet,  but  this  may  be  apparent  rather  than  real,  as  at  the 
recent  study  the  children  aged  2 A and  1\  years  were  taken  as  equivalent 
to  ‘4  and  '3  of  a man  respectively,  while  in  February  the  older,  being  just 
over  two  years,  was  taken  as  equal  to  '3  of  a man,  and  no  allowance  was  made 
for  the  younger,  as  it  was  breast-fed.  The  total  number  of  Calories  con- 
sumed by  this  family  throughout  the  week  was  slightly  greater  than  it 
was  during  the  earlier  studies.  In  a small  family  such  as  this,  a slight 
difference  in  the  allowance  made  for  any  of  the  children  will,  of  course, 
have  a greater  influence  on  the  result  of  the  study  than  in  a larger  family. 
This  was  one  of  the  reasons  why  families  with  a large  number  of  children 
were  chosen. 

The  most  marked  improvement  in  income  took  place  in  M.  65,  and 
Table  I shows  that  here  the  greatest  change  in  the  value  of  the  diet  has 
taken  place.  This  change  is  chiefly  due  to  an  increased  consumption  of 
bread  (see  Table  II).  When  the  father  enlisted  as  a motor  driver  the 
separation  allowances,  increased  by  a proportion  of  the  man’s  former  income 
given  by  the  Glasgow  Corporation,  amounted  to  7 Is.  This  increase  was 
not  immediately  accompanied  by  a great  increase  in  food  consumption. 
Probably  for  a time  the  additional  income  was  devoted  to  paying  debts 
or  purchasing  furniture  and  clothing.  A further  increase  of  allowances 
and  the  earnings  of  the  eldest  girl  brought  the  weekly  income  up 
to  90s.  The  improvement  in  the  appearance  of  this  family  is  remark- 
able. All  are  much  stronger,  and  the  four  youngest,  who  were  rickety, 
have  learnt  to  walk.  The  mother  took  the  whole  family  to  the  coast 
in  summer. 

The  other  unusually  generous  diet  is  that  of  N.  31.  The  figures  relating 
to  this  family  show  very  clearly  the  dependence  of  the  food  purchased  on 
income  and  prices.  At  the  first  study  (in  1915  before  the  excessive  rise 
in  the  price  of  food)  the  weekly  income  was  36s.,  and  the  energy  value  of 
the  diet  4174  Calories  per  man  per  day.  In  February,  while  the  father 
was  still  at  home,  and  had  had  practically  no  advance  in  wages,  it  was  only 
3112  Calories  per  man  per  day,  an  amount  which  the  mother  said  did  not 
satisfy  the  children,  although  she  was  spending  as  much  on  food  as  she 
could  possibly  afford.  The  father  is  now  in  the  army,  thus  reducing 
the  requirements  of  the  family  and  giving  an  allowance  of  36s.,  and  the 


Table  II. — Amounts  consumed  per  “Man;’  per  Week  in  Lbs.,  and  the  Food  Value  purchased 

per  Penny  spent  in  each  Study. 
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eldest  girl  has  begun  to  work,  earning  8s.  weekly,  and  consequently  the 
family  is  in  more  comfortable  circumstances.  The  food  has  regained  its 
former  high  energy  value,  chiefly  from  an  increased  consumption  of  bread 
(Table  II). 

Table  II  shows  the  extent  to  which  the  chief  articles  of  food  were  used, 
and  the  food  values  which  each  house-mother  received  per  penny  spent  at 
the  different  periods.  In  compiling  the  table  the  amounts  are  expressed  as 
per  “ man  ” per  week. 

Considering  the  number  of  men,  women,  and  children  of  different  ages 
in  the  civil  population  of  the  country  during  war  conditions,  it  has  been 
calculated  that  the  requirements  per  “ person  ” are  about  f that  per  “man.” 
But  in  the  group  of  individuals  constituting  these  families  the  number  of 
children  was  so  great  that  the  requirements  per  “ head  ” amount  to  only 
about  *56  that  of  a man.” 

Flour  was  chiefly  consumed  as  bread,  and  the  above  calculations  were 
made  by  taking  1 lb.  of  bread  as  equivalent  to  f lb.  flour.  In  spite  of  a 
reduction  in  price  from  5Jd.  to  4Jd.  for  the  2-lb.  loaf  between  February 
and  November,  there  has  been  practically  no  increase  in  the  average 
amount  of  flour  used.  Indeed,  all  but  three  diets,  two  of  which  are  those 
showing  the  greatest  increase  in  energy  value,  have  a decreased  consump- 
tion of  flour.  This  probably  indicates  that  the  maximum  consumption  of 
bread  has  been  reached,  provided  that  the  other  commonly  used  foodstuffs 
are  available  at  not  too  excessive  prices.  A further  decrease  in  price 
would  not  be  accompanied  by  increased  consumption,  but  possibly  by 
increased  waste. 

Cereals  other  than  flour  were  used  in  considerable  quantity,  the  average 
consumption  per  “ man  ” per  week  being  15  ozs.,  or  about  f lb.  per  “ person.” 
Bread  yielded  no  less  than  52'6  per  cent,  of  the  energy,  a rise  from  40  per 
cent,  in  the  1915-16  studies.  Cereals,  including  bread,  provided  62  per  cent, 
of  the  energy. 

Meat  showed  no  increase,  although  the  prices  were  lowered  and  the 
supply  plentiful.  Even  at  its  controlled  prices,  meat  is  too  expensive  for 
the  labouring  man’s  wife  to  purchase  to  any  extent.  The  relative  values 
purchasable  per  penny  spent  on  bread  and  meat  at  November  prices  were 
527  and  99  Calories. 

The  amount  of  sugar  used  had  not  appreciably  changed  since  February. 
During  the  1915  studies,  when  sugar  was  plentiful,  an  average  of  0'89  lb. 
was  used  per  “ person  ” per  week  in  these  eight  families.  The  more  recent 
investigations  show  all  that  could  be  obtained  owing  to  the  scarcity  of 
supplies. 
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Milk,  although  increased  in  price,  was  more  in  demand  in  November 
than  during  the  second  study.  This  is  probably  due  to  the  improved 
income  of  most  of  the  families.  At  both  periods,  however,  the  consumption 
was  low,  especially  as  the  majority  of  the  persons  on  the  diet  were  children 
and  therefore  requiring  more  milk  than  adults.  The  total  number  of 
persons  in  the  eight  families  was  57,  and  30  of  the  46  children  included 
were  under  ten  years  of  age.  The  average  amount  of  milk  consumed  per 
“head”  per  week  was  only  670  c.c.,  or  about  1T7  pints,  or  3'4  ozs.  per 
day  during  the  February  studies,  and  894  c.c.,  or  about  T56  pints,  in 
November,  i.e.  4-4  ozs.  per  day. 

M.  62  was  much  above  the  average  in  milk  consumption,  as  the  youngest 
child  was  largely  fed  on  milk.  The  amount  used  by  H.  47  was  very  low, 
as  the  baby  was  entirely  breast-fed,  and  as  the  next  youngest  child  was  four 
years  old.  The  amount  of  milk  used  by  different  families  and  by  the  same 
family  at  different  times  depends  greatly  on  whether  the  family  includes 
an  infant  on  a milk  diet. 

Potatoes. — The  most  marked  difference  between  the  February  and 
November  diets  was  the  increased  consumption  of  potatoes  in  the  latter. 
In  February  potatoes  were  scarce  and  of  poor  quality,  and  the  price  was 
excessive,  2s.  2d.  per  stone.  In  November  the  price  was  halved,  and  the 
supply  was  abundant,  and  the  average  amount  consumed  was  nearly  five 
times  as  great  as  in  February.  This  increased  amount  of  potatoes  used 
gave  an  average  gain  of  239  Calories  per  man  per  day  in  the  diets.  The 
small  energy  value  of  the  family  S.  84  is  correlated  with  a small  consump- 
tion both  of  potatoes  and  of  flour.  On  an  average,  the  increased  consump- 
tion of  potatoes  has  not  been  accompanied  by  a decreased  consumption 
of  flour. 

The  third  studies  were  carried  out  before  there  was  the  present  scarcity 
of  butter,  margarine,  and  meat,  and  thus,  except  in  the  case  of  sugar  and 
jam,  they  represent  the  unrestricted  choice  of  food,  limited  always  by  the 
question  of  expense. 

The  investigations  show  that  between  February  and  November  1917 
these  families  had  made  practically  no  change  in  the  amount  of  bread, 
meat,  and  sugar  consumed. 

In  the  British  Medical  Journal  of  24th  February  1917  attention  was 
drawn  to  the  impossibility  of  the  labouring  man’s  wife  adopting  the 
Devonport  ration,  and  the  above  results  show  that  the  families  studied 
either  made  no  effort  or  were  not  able  to  restrict  their  consumption  of 
bread  stuffs.  This  is  probably  true  in  the  case  of  most  of  the  working 
class,  which  constitutes  by  far  the  greater  part  of  the  population.  But 
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it  would  seem  that  the  maximum  consumption  of  bread  stuffs  has  now 
been  reached. 

These  studies  throw  light  upon  the  proportion  of  energy  which  such 
families  derive  from  the  foods  it  is  proposed  to  ration — cereals,  meat,  fats, 
and  sugar — and  those  which  it  is  not  proposed  to  ration. 

No  less  than  86  per  cent,  of  the  energy  was  obtained  from  the  rationed 
foods,  although  in  1915-16  they  yielded  only  75  per  cent.  It  would  thus 
seem  that,  when  the  price  of  the  unrationed  foods  is  high,  as  at  present, 
the  urban  labouring  classes  cannot  be  expected  to  derive  more  than  14  or 
15  per  cent,  of  the  necessary  energy  therefrom. 

It  is  of  interest  to  note  that  in  the  three  families  where  the  father  was 
on  military  service,  the  diet  was  more  adequate  than  when  he  was  at  home. 

In  conclusion,  I should  like  to  thank  Professor  Noel  Paton  for  all  the 
assistance  which  he  has  given  me. 


(. Issued  separately  February  28,  1918.) 
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VII. — Experiments  on  the  Respiratory  Mechanism  of  the  Shore 
Grab  (Oarcimis  msenas).  By  Robert  K.  S.  Lim.  (From  the 
Laboratory  of  Physiology,  Edinburgh  University.)  Communicated 
by  Sir  E.  A.  Schafer. 

(MS.  received  November  3,  1917.  Read  December  3,  1917.) 

While  carrying  out  some  immersion  experiments  on  Carcinus  mamas, 
I had  occasion  to  investigate  its  respiratory  mechanism.  Comparing  my 
results  with  those  recorded  in  the  literature  of  the  subject,  I found  that  I 
could  add  a few  new  observations. 

Technique. 

The  materials  used  consisted  of  a large  glass  basin,  containing  2|  inches 
of  fine  sand  and  enough  sea- water  (Millport)  to  cover  the  sand  to  a depth 
of  about  an  inch,  this  being  found  sufficient  to  completely  immerse  the 
crabs.  By  means  of  a small  syringe  a fine  suspension  of  Indian  ink  in 
sea-water  was  then  injected  into  the  fluid  surrounding  the  animals,  whereby 
the  presence  and  direction  of  the  respiratory  currents  could  be  detected. 

Lastly,  it  may  be  of  importance  to  note  that  the  habitat  of  the  crabs 
used  was  a rocky  patch  in  the  middle  of  a large  beach  of  fine  sand. 

Experiments  with  Crabs  lying  on  their  Backs  on  the  Surface 
of  the  Sand  but  wholly  Immersed  in  Sea- Water. 

Exp.  I. — When  Indian  ink  was  injected  near  the  prostomial  chamber 
it  was  swept  outwards  by  a strong  exhalent  current  proceeding  from  the 
whole  breadth  of  the  chamber.  The  direction  of  the  current  was  forward 
and  generally  parallel  to  the  median  line  of  the  crab,  although  sometimes 
it  deviated  to  one  or  other  side. 

Occasionally  an  inlialent  current  was  noticed  between  the  anterior 
borders  of  the  third  maxillipedes  and  the  adjacent  carapace.  This  current 
was  very  brief,  the  ink  soon  emerging  from  the  sub-branchial  clefts,  i.e.  the 
spaces  between  the  base  of  the  thorax  and  the  branchiostegite  of  each  side. 

Frequently  no  currents  could  be  observed  at  all. 

Exp.  II. — When  injected  close  to  either  sub-brancial  cleft  the  ink  was 
sucked  in  or  inhaled  throughout  the  whole  opening,  more  especially  round 
the  coxa  of  the  chela,  and  later  it  could  be  seen  emerging  from  the 
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prostomium  in  the  exhalent  stream.  As  soon  as  the  exhalent  current 
ceased  no  more  ink  was  inhaled. 

At  intervals  the  ink,  instead  of  being  inhaled,  was  expelled  or  exhaled 
from  the  vicinity  of  the  cleft.  This  exhalent  current  was  of  short  duration, 
however,  the  direction  being  again  changed  and  the  usual  inhalent  current 
once  more  established.  On  using  a more  concentrated  suspension  of  ink 
the  frequency  of  this  momentary  reversal  of  currents  increased. 

Exp.  III. — A small  opening,  about  a quarter  of  an  inch  in  diameter, 
was  made  in  the  branchiostegite  opposite  the  third  thoracic  leg,  in  order 
to  determine  the  direction  of  the  currents  in  the  branchial  chamber.  An 
inhalent  current  was  observed. 

Experiments  with  Crabs  immersed  as  before,  but  with  the 

WHOLE  OF  THE  RESPIRATORY  TRACT  EXPOSED. 

The  branchiostegite  and  the  maxillipedes  were  removed  on  both  sides 
in  order  to  expose  the  scaphognathites  and  branchial  chambers.  The 
characteristic  undulating  movements  of  the  former,  described  first  by 
H.  Milne  Edwards  (7)  and  later  by  Garstang  (3),  were  observed  in  a 
postero-anterior  direction.  These  movements  were  not  rhythmical,  being 
sometimes  fast  and  at  other  times  very  slow. 

Occasionally  they  were  “ reversed,”  i.e.  antero-posterior,  when  they 
became  extremely  rapid. 

The  action  of  the  scaphognathites  has  already  been  noted  to  be  irregular, 
while  not  infrequently  it  was  entirely  suspended.  Often  both  sides  did  not 
work  together ; one  side  would  stop  or  go  more  slowly  than  the  other. 

Exp.  IV. — For  this,  Experiment  II.  was  repeated  with  the  branchial 
chambers  thus  exposed.  During  the  postero-anterior  action  of  the  scapho- 
gnathites the  same  result  was  obtained,  i.e.  an  inhalent  current  was 
observed  at  the  enlarged  sub-branchial  clefts.  Following  the  current 
through  the  branchial  chamber,  the  ink  could  be  seen  being  drawn  forward 
by  the  scaphognathite,  between  it  and  the  roof  of  the  pre-branchial  chamber^ 
and  being  finally  exhaled  through  the  prostomium. 

When  the  action  was  “ reversed,”  injection  at  the  prostomium  showed 
the  ink  to  be  sucked  inwards  ( inhaled ) in  the  same  manner  as  it  was 
exhaled,  i.e.  between  the  scaphognathite  and  the  pre-branchial  roof.  It 
then  passed  backwards  through  the  branchial  chamber  and  outwards 
through  the  enlarged  sub-branchial  cleft. 

No  current  could  be  demonstrated  when  the  scaphognathite  was. 
stationary. 


VOL.  XXXVIII. 
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Experiments  with  Crabs  half-buried  in  Sand. 

When  the  animals  were  placed  in  the  sand  basin  already  described, 
most  “dug  themselves  in.”  The  first  procedure  was  to  dig  the  thoracic 
legs  into  the  sand  and  draw  them  up  in  a forward  direction,  at  the  same 
time  elevating  their  bodies  to  an  upright  position,  and  then  forcing  them- 
selves downwards  and  backwards.  In  this  way  sand  was  removed  upwards, 
both  in  front  and  behind.  It  was  only  when  the  anterior  accumulation 
of  sand  became  too  high,  and  therefore  liable  to  fall  back  into  the  excavated 
space,  that  the  chelae  were  seen  to  sweep  it  aside.  This  process  was  con- 
tinued until  the  posterior  accumulation  had  risen  over  about  half  the 
carapace.  The  animals  then  remained  in  the  horizontal  position  with 
their  legs  buried,  in  a position  semi-flexed  inwards  at  the  mero-carpal  joints. 
The  chelae,  however,  were  fully  flexed,  the  amount  of  flexion  being  limited 
by  the  carpal  spines  (Garstang  (4)) ; the  coxo-basal  flexion,  however,  may 
be  such  that  there  is  a large  exostegal  channel  between  the  inner  side  of 
the  propodite  and  the  adjacent  carapace,  or  none  at  all. 

The  preceding  experiments  with  ink  were  repeated. 

Exp.  V. — When  ink  was  injected  near  the  prostomial  opening  the  usual 
exhalent  current  was  observed.  When  a sufficient  channel  existed  between 
the  chelae  and  the  carapace  a downward  current  was  noticed,  evidently 
going  to  the  anterior  ends  of  the  sub-branchial  clefts ; the  ink  could 
latterly  be  seen  emerging  in  the  prostomial  stream. 

Exp.  YI. — Injection  over  the  sand-covered  posterior  end  of  the  carapace 
also  resulted  in  the  reappearance  of  the  ink  in  the  prostomial  stream. 

Occasionally  reverse  currents  were  set  up,  but  of  a longer  duration  than 
those  previously  seen.  The  ink  was  readily  sucked  in  at  the  prostomium, 
and  could  be  seen  rising  through  the  sand  at  the  following  points  on  both 
sides.  Anteriorly,  near  the  most  lateral  spine  of  the  carapace,  and 
posteriorly,  in  three  “ eddies  ” over  the  embedded  postero-lateral  border 
of  the  carapace — see  fig.  1.  When  the  current  was  again  changed  the  ink 
was  sucked  in  through  these  sand  apertures. 

Frequently  the  exhalent  (prostomial)  current  was  directed  to  one  side, 
and  when  reversion  occurred,  exhalent  “sand  eddies”  were  observed  on  the 
opposite  side  only,  thus  indicating  that  only  one  scaphognathite  was  working. 

Experiments  with  Crabs  almost  completely  buried  in  Sand. 

Small  crabs  and  sometimes  larger  animals  will  continue  to  bury  them- 
selves until  the  whole  carapace  is  covered  with  sand  and  there  is  only  a 
triangular  communication,  by  which  the  exhalent  prostomial  current 
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escapes.  The  base  of  this  triangle  corresponds  to  the  breadth  of  the 
inter-orbital  projection.  Experiments  V.  and  VI.  were  repeated,  with 
similar  results. 

Exp.  VII. — Ink  was  injected  into  the  sand  half  an  inch  behind  and  to 
the  side  of  the  animal  about  its  own  level  beneath  the  surface,  with  the 
same  result  as  Experiment  VI. 

Reversion  currents  were  also  observed,  and  were  found  to  comply  with 
the  description  in  the  last  experiment. 

Exp.  VIII. — I covered  some  crabs  completely  with  sand  to  a depth  of 
an  inch,  and  almost  immediately  the  sand  over  the  prostomium  was  seen 
to  be  thrown  up  by  the  exhalent  current.  The  opening  formed  was 


Fig.  1.  — Ventral  surface  of  Carcinus,  legs  removed  at  coxo-basal  joints. 

Semi-diagrammatic. 

Ex. , exhalent  stream;  IN.,  1-4,  inhalent  streams;  Ant.,  anterior 
“sand  eddy”  ; Post.,  posterior  “sand  eddies.”  Note  the  direction  of 
the  individual  inhalent  streams,  which  is  also  that  of  the  “sub- 
brancliial  inlets.” 

gradually  enlarged  until  the  triangular  communication  mentioned  above 
was  attained.  Experiments  V.,  VI.,  and  VII.  were  repeated,  with  the  same 
results.  One  small  crab,  however,  remained  buried  without  forming  the 
communication — the  exhalent  current  being  simply  forced  through  the  sand. 

Channels  of  Respiration. 

! 

The  observation  noted  in  Experiment  VI.  regarding  the  occurrence  of 
“ sand  eddies  ” led  me  to  determine  the  manner  of  their  origin  and  hence  to 
closely  inspect  the  respiratory  channels. 

These  are,  briefly,  the  sub-branchial  clefts,  the  branchial  and  pre- 
branchial  chambers,  and  the  prostomium : the  inhalent  apertures  being 
the  sub-branchial  clefts,  and  the  exhalent,  the  opening  of  the  pre- 
branchial  chambers  into  the  prostomial  region. 

Each  cleft  is  merely  a slit,  bounded  medially  by  the  base  of  the  thorax, 
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and  laterally  by  the  indented  free  border  of  the  branchiostegite.  These 
indentations  accommodate  the  coxae  of  the  thoracic  legs,  while  the  inter- 
vening apices  fit  in  between ; but,  whereas  the  former  (with  the  exception 
of  the  concavity  from  the  chela)  are  in  close  contact  with  the  chitinous 
portion  of  the  respective  coxa,  the  latter  are  comparatively  loosely  applied 
to  the  soft  arthrodial  membranes.  Thus  the  cleft  may  be  divided  into  four 
separate  “ inter-coxal  ” passages,  the  first  being  the  space  for  the  coxa  of 
the  chela  and  the  remaining  three  those  between  the  apices  and  the  lax 
joint  membranes — see  fig.  2. 

‘On  lifting  the  branchiostegite  and  exposing  the  posterior  gills,  one 
found  them  to  be  touching  one  another  except  at  their  origins,  where  they 
were  distinctly  separated  by  a small  gap.  It  was  also  easy  to  note  that 


Fig.  2. — Ventral  surface  of  Carcinus,  legs  removed  at  coxo-basal  joints  on 
left  side  ; coxae  themselves  partially  removed  on  the  right  side. 

Semi-  diagram  matic. 

1-4,  indicate  the  “inter-coxal  spaces.” 

the  last  or  9th  gill  did  not  lie  perfectly  flat  on  the  adjacent  epimeron,  but 
was  slightly  arched  a short  distance  from  its  root.  This  arching  was  not 
peculiar  to  the  9th  gill,  but  occurred  in  the  8th,  7th,  and  6th  as  well,  and 
is  in  fact  mainly  due  to  the  flabellum  of  the  third  maxillipede. 

Examination  of  the  remaining  gills  showed  that  under  the  1st  gill 
was  a large  anterior  inlet,  kept  patent  by  the  commencement  of  the  third 
flabellum.  This  inlet  communicates  with  that  under  the  9th  gill  by  means 
of  a “ tunnel  ” formed  by  the  arching  of  the  posterior  gills.  Leading  from 
the  anterior  inlet  but  not  in  direct  connection  with  the  sub-branchial  cleft, 
another  gap  was  found  between  the  2nd  and  4th  gill  origins.  Besides 
causing  this  gap,  the  second  maxillipede  flabellum  is  also  responsible  for 
the  arching  of  the  4th  and  5th  gills.  The  3rd  gill,  arising  as  it  does  from 
the  coxopodite  of  the  third  maxillipede,  helps  in  the  formation  of  the  tunnel 
already  described. 

Altogether,  therefore,  there  are  five  “inter-branchial  inlets” — see  figs. 
3 and  4. 
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1st  being  situated  under  the  1st  gill  and  between  it  and  the  base  of 
the  6th  gill. 

2nd  being  between  the  2nd  and  4th  gill  origins. 
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under 

„ 9th  gill. 

- rci6. 

T i-6. 


Fig.  3. — Ventral  surface  of  Carcinus.  Branchiostegite  and  coxte 
of  thoracic  legs  removed  on  both  sides  ; third  maxillipede 
entirely  removed  on  the  left  side,  on  which  side  the  first  gill 
has  also  been  removed. 

Sc.,  scaphognathite  ; 1 st—toh  i.b.,  the  first  to  fourth 
“inter-branchial  inlets.”  Note  commencement  of  flabellum 
of  second  maxillipede  in  2nd  i.b. 


Fig.  4. — Oblique  view  of  thorax  and  abdomen  of  Carcinus  from  the 
right  side.  Carapace  and  contained  organs  removed  ; also  the 
coxse  of  the  thoracic  legs.  Semi-diagrammatic. 

ls£  /.,  flabellum  of  first  maxillipede;  3rd  commence- 
ment of  flabellum  of  third  maxillipede  ; ls£  g.,  first  gill ; ls£, 
3rd,  iih,  and  5 th  i.b.,  the  first,  third,  fourth,  and  fifth  inter- 
branchial  inlets. 

X denotes  the  position,  marked  by  the  dotted  lines,  of  the 
“tunnel”  formed  by  the  third  maxillipede  flabellum. 


All  excepting  the  second  inlet  communicate  directly  with  the  adjacent 
inter-coxal  spaces.  When  a probe  was  introduced  through  each  of  the 
latter  spaces  into  the  corresponding  inter-branchial  inlets,  it  was  found 
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to  be  directed  postero-anteriorly  in  the  case  of  the  fifth  space,  and  more 
medially  in  the  anterior  spaces  till  at  the  first  space  the  direction  was 
almost  latero-medial — see  figs.  1 and  6.  (It  is  convenient  for  descriptive 
purposes  to  describe  the  inter-coxal  space  and  the  corresponding  inter- 
branchial  inlet  together  as  the  “ sub-branchial  inlet.”) 

It  is  now  possible  to  explain  the  meaning  of  “sand  eddies.”  When 
reversal  occurred  the  exhalent  stream  was  forced  out  through  the  sub- 
branchial  inlets,  the  portion  passing  through  the  first  appearing  as  the 
anterior  eddy,  while  that  passing  through  the  remaining  inlets  as  the  three 
posterior  eddies. 

During  the  normal  forward  action  of  the  scaphognathites  the  converse 


Fig.  5. — Dorsal  surface  of  Carcinus  with  a large  part 
of  the  carapace  and  various  organs  removed. 
Semi-diagrammatic. 

Sc.,  Scaphognathite ; ls£  /.,  flabellum  of 
first  maxillipede  ; H.  = heart. 


Fig.  6. — Left  gills  viewed  from  the 
dorsum.  Semi-diagrammatic. 

1-5,  the  arrows  show  the 
directions  of  the  sub-branchial 
inlets.  Note  radial  arrange- 
ment of  the  gills. 


to  the  above  holds  true.  Water  may  then  be  inhaled  from  behind  and 
from  the  sides  of  the  animal  through  the  channels  just  described  into  the 
branchial  chambers.  The  latter  are  somewhat  triangular  in  transverse 
and  crescentic  in  oblique  antero-posterior  sections. 

The  gills  arise  from  an  area  which  is  roughly  a segment  of  a circle — 
see  figs.  5 and  6 ; so  that,  although  they  lie  more  or  less  latero-medially, 
their  free  medial  ends  almost  meet.  Their  branchial  septa  occupy  the 
plane  above  mentioned,  while  the  lamellae  are  placed  in  the  anterio-posterior 
plane.  Lastly,  there  is  a greater  space  above  than  below  the  gills. 

Of  the  pre-branchial  chambers  and  their  exits  there  is  nothing  of  note. 


Conclusions. 

The  normal  direction  of  the  respiratory  current  in  decapods  was  shown 
to  be  postero-anterior  by  H.  Milne  Edwards  (7).  De  Haan  (6)  at  a later 
date  remarked  on  the  reversal  of  this  direction  in  Portu^nus,  though  still 
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later  Garstang  (3)  opposed  this  contention,  while  he  himself  described  a 
similar  reversal  in  Corystes,  Atelecyclus,  and  Portumnus  (5).  He,  however, 
suggested  that  the  phenomenon  did  not  exist  in  such  decapods  as  Cancer 
and  Carcinus,  and  states  positively  (5),  in  the  case  of  the  latter,  “ I have 
found  no  indications  of  a reversal  of  the  respiratory  currents  in  the  latter 
species”  (Carcinus).  His  observation  in  this  respect  has  been  shown  to 
be  erroneous  by  Bohn  (1),  who  seems  to  have  proved  that  reversal  is 
common  to  all  decapods.  My  results  confirm  those  of  Bohn.  They  show 
that  reversal  occurs  under  all  conditions,  and  that  it  is  more  frequent  when 
the  crab  is  buried  or  when  a stronger  ink  suspension  is  used.  On  such 
meagre  evidence  I do  not  attempt  to  criticise  this  last  authority,  who  argues 
that  reversal  is  due  to  fatigue  of  the  muscles  which  cause  the  forward 
direction  of  the  scaphognathite. 

I have  also  endeavoured  to  determine  the  direction  of  the  respiratory  cur- 
rents in  the  branchial  chambers.  While  investigating  the  cause  of  the  “ sand 
eddies  ” previously  mentioned,  I came  to  regard  the  position  and  relations  of 
the  gills  as  of  first  importance  in  the  determination  of  this  direction. 

Claus  (2)  describes  a backward  flow  due  to  the  action  of  the  maxillipede 
flabella.  Pearson  (8)  agrees  with  Claus  as  regards  direction,  but  fixes  the 
cause  to  the  presence  of  the  “ branchial  ridge.”  Bohn,  on  the  other  hand, 
maintains  that  the  direction  is  postero-anterior.  The  differences  in  opinion 
arise  mainly  in  reference  to  the  extent  of  the  inhalent  apertures ; and  since 
the  two  former  workers  believe  that  the  whole  sub-branchial  cleft  does  not 
admit  of  a current,  the  aperture  round  the  chela  is  considered  to  be  the 
main  inlet.  This  being  situated  far  anteriorly,  the  backward  flow  becomes 
a necessity  in  order  to  thoroughly  bathe  the  posterior  gills.  From  my 
observations  on  the  parts  in  question,  it  seems  quite  plain  that  the  sub- 
branchial  inlets  will,  to  a large  extent,  predetermine  the  flow  of  the  inhaled 
currents.  The  direction  of  these  inlets  veer  from  postero-anterior  to  almost 
latero-medial  (from  behind  forwards),  tending,  therefore,  towards  the  pre- 
branchial  chamber  dr  outlet — see  figs.  1 and  6.  Thus  it  is  not  difficult  to 
allow  that  the  inhaled  currents  must  also  follow  this  direction ; additional 
evidence  of  this  supposition  being  correct  is  supplied  by  Experiment  III. 

In  connection  with  the  above,  there  is  another  interesting  feature  in 
the  radial  arrangement  of  the  gills  and  the  direction  of  each  of  the  sub- 
branchial  inlets.  These  are  so  related  that  the  gills  lie  more  or  less  con- 
stantly at  an  acute  angle  to  the  direction  of  the  inhaled  currents,  which, 
meeting  with  the  opposition  of  the  branchial  septa  and  the  gill  lamellae, 
can  only  pass  upwards  between  the  individual  lamellae  to  the  roomy  roof 
of  the  branchial  chamber.  Some  will  no  doubt  flow  along  the  “ tunnel  ” 
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described,  and  although  I do  not  agree  with  Claus,  I think  that  it  is 
possible  that  the  flabella  disperse  the  currents  laterally  so  that  they  may 
bathe  the  entire  length  of  the  gills  more  thoroughly.  In  this  manner  each 
sub-branchial  inlet  will  supply,  not  only  the  adjacent  gills,  but  those  anterior 
to  it.  For  example,  the  fourth  inlet  supplies  mainly  the  9th  gill,  but  to  a 
lesser  extent  the  8th,  7th,  and  so  on;  while  the  first  inlet  supplies  the 
anterior  five  gills,  the  2nd,  4th,  and  5th  in  particular,  by  means  of  the 
second  inter-branchial  gap. 

Summary. 

(a)  The  direction  of  the  respiratory  current  is  postero-anterior,  whether 
the  crab  is  above  the  sand  or  buried  in  it. 

(b)  Reversal  of  this  direction  also  occurs  and  is  more  frequent  when 
the  animal  is  buried  or  when  a strong  ink  suspension  is  used  during  an 
experiment. 

(c)  The  sub-branchial  cleft  may  be  divided  into  four  separate  spaces 
which  are  in  direct  communication  with  gaps  between  certain  gill  origins, 
the  whole  constituting  the  sub-branchial  inlets. 

(d)  The  direction  of  these  inlets  varies  from  postero-anterior  to  almost 
latero-medial. 

(e)  They  determine  the  direction  of  the  inhaled  currents  within  the 
branchial  chambers. 

(/)  The  relation  between  the  position  of  the  gills  and  these  inlets  allows 
for  a convenient  and  maximal  flow. 
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VIII. — A Determinantal  Equation  whose  Roots  are  the  Products 
of  the  Roots  of  Given  Equations.  By  Professor  William 
H.  Metzler. 

(MS.  received  September  11,  1917.  Read  January  14,  1918.) 


Given  two  sets  of  linear  homogeneous  equations  in  nx  and  n2  variables 
respectively 

Q=n\ 

(1)  ']^afgxg  = P • xf  j (/=1j  • • •>  n\) 

a= 1 

i=n2 

(2)  ^ liiVi  • Vh  ) (ll—  1,  . . . , Wq). 

i= 1 


Let  us  form  another  set  by  multiplying  every  equation  of  (1)  by  every 
equation  of  (2).  Thus 


or 


(A) 

where 


g=n  1 


%—n2 


^ hiVi  p • CT  • Xj  . , 


9=1 


i= 1 


'l  = 71  o 
0=71! 


^PjPfhgi  • wgi  ~ ^ • wfh  j 


g=i 
i— 1 


f~  1,  • • wx 
7^=1,  ... , w2/’ 


PafiyS  ^ay  • ^a/3  ' *^a  *27/35  and  A p . 0". 


This  set  (A)  of  n = nx.n2  equations  is  linear  and  homogeneous  in  the 
n = n1.n2  variables  w.  It  is  of  the  same  form  as  sets  (1)  and  (2),  and 
the  determinant  of  it  equated  to  zero  is  a determinantal  equation  in  A 
that  has  for  its  roots  the  products  of  the  roots  of  the  determinantal 

equations  in  p and  or,  formed  from  equating  to  zero  the  determinants  of 

\ 

(1)  and  (2)  respectively,  since  A is  the  product  of  p and  <7. 

If  now  we  take  another  set  of  n3  linear  homogeneous  equations 

3=^. 5 

(3)  (£=1»  • • *5  n3). 

5=1 


Let  us  jfrom  (1),  (2),  and  (3)  form  a new  set  by  multiplying  in  all 
possible  ways,  taking  one  equation  from  each  set.  Thus 

g=m  i=n2  j=n3 

cij-gXg  . bhiVi  . CfcjZ.j  p . cr  • t m Xf  y frZf. , 


58 


Proceedings  of  the  Royal  Society  of  Edinburgh.  [Sess* 


or 


(B) 


where 


j=n, 

i—n<i 

U—ni 

2/  QfWijwgij  = ^ • wfh!i  J 

0= 1 
i=l 

J= 1 

QafiySeY}  ^aS  • ^/3e  • ^yr)j  ^a/3y  *®a  • i//3  • ^y  j cllld  A p , CT,  T. 


This  set  (B)  of  71  = 71-^.712  >nz  equations  is  linear  and  homogeneous  in 
the  same  number  of  variables  w.  It  is  of  the  same  form  as  (1),  (2),  and 
(3),  and  the  determinant  of  the  set  equated  to  zero  is  a determinantal 
equation  in  A that  has  for  its  roots  the  products  of  the  root  of  the  deter- 
minantal equations  of  (1),  (2),  and  (3),  since  A is  the  product  of  p,  <j,  r. 

(C)  Continuing  in  this  manner  we  may  form  a new  set  of  equations 
from  k linear  homogeneous  sets  (1),  (2),  . . . (k)  in  nlt  n2,  . . . , nk  variables 
respectively.  The  new  set  will  contain  n = nl.n2  . . . nk  equations  in 
the  same  number  of  variables  and  the  determinant  of  the  set  equated  to 
zero  is  a determinantal  equation  in  A whose  roots  are  the  products  of  the 
roots  of  the  determinantal  equations  of  the  sets  (1),  (2),  . . . k,  since  A is 
the  product  of  p,  cr,  t . . . 

If  we  denote  the  determinants  of  the  left-hand  sides  of  (1),  (2),  . . . (k) 
by  A,  B,  . . . K respectively,  and  that  of  the  left-hand  side  of  (C)  by  R, 
then  R is  the  eliminant  of  the  equations  (C)  when  A is  zero  and  it  is 
known  * that 

n n n 

I.  R = . B^2  . . . K> . 

If  n1  — n2  = n3  = . . . = nk  = m,  then 

J J J>  _ nJc~ 1 1 

If,  further,  all  the  sets  become  alike,  except  that  the  variables  may  or 
may  not  be  made  alike,  then 

III.  R = A*-m*-1. 


(D)  In  this  case  when  the  variables  are  alike,  the  terms  in  any  one 

* Metzler,  Am.  Math.  Monthly , vol.  vii,  pp.  151-153  (1898-1900) ; cf.  Moore,  Annals 
Math.,  2nd  series,  vol.  i,  pp.  177-188  (1900);  Pascal,  Rend.  Girc.  Mat.  Palermo,  t.  22, 
pp.  371-382  (1906). 

It  may  be  observed  here  that,  since  B is  the  product  of  the  roots  of  the  equation  in  \ and 
is  a product  of  powers  of  the  roots  of  the  equations  in  p,  <r,  r . . . , and  therefore  a product 
of  powers  of  the  determinants  A,  B,  . . . K ; and  since  the  determinants  are  in  general 
irreducible  and  no  one  has  prominence  over  another,  we  have  another  proof  of  I. 

The  case  of  I for  h — 2 is  said  to  be  due  to  Kronecker,  and  reference  may  be  made  to 
Jour.  f.  Math.,  Bd.  72,  pp.  152-175  (1870).  For  other  proofs,  vide  Hensel,  Acta  Math.y 
Bd.  14,  pp.  317-319  (1891)  ; Netto,  Acta  Math.,  Bd.  17,  p.  200  (1893). 
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equation  of  (C)  thus  formed  are  not  all  distinct,  and  if  we  bring  together  all 
terms  having  the  same  variables  there  will  remain  as  many  distinct  terms 
as  there  are  terms  in  the  expansion  of  the  multinomial  of  m terms  raised  to 

There  will  also  be  the  same  number  of 


| m f-k- 

-1 

1 

i 

-1 

distinct  equations  which  we  shall  denote  by  (D),  and  for  the  eliminant  in 
this  case  Muir  (and  later  Pascal)  has  shown  * that 


IV. 


R = A", 


where  v = — 
m 


k j m + k - 1 


k 


m 


1 


m + k — 1 
m 


If,  when  the  sets  all  become  alike,  we  use  different  variables  for  each 
set,  then  it  appears  that  from  the  way  the  equations  (D)  are  formed 
the  roots  of  the  A-equation  are  the  various  terms,  without  the  multi- 
nomial coefficients,  of  . . . -\-gm)k , where  cq,  g2,  ...  gm  are  the 

roots  of  the  A-equation  of  (A).  For  if  we  set  the  roots  g1:  g2>  • • • gm 
down  k times  forming  k groups  we  see  that  the  values  of  A are  the 
products  of  the  g s taken  one  and  but  one  from  each  group.]-  For  example, 
if  the  two  sets  (1)  and  (2)  become  alike,  then  the  determinantal  equation 
of  (C)  has  for  its  roots  the  squares  of  the  g s and  their  products,  two  at 
a time,  each  repeated.  The  roots  of  the  determinantal  equation  of  (D) 
are  the  squares  of  the  gs  and  their  products,  two  at  a time,  without 
repetitions. 

Another  simple  proof  that  the  roots  are  in  this  case  the  squares  and 
unrepeated  products  of  the  g’s  is  furnished  by  starting  with  |C«  — A | ,. 
where  | C*i  — A 1 = 0 represents  the  determinantal  equation  of  (C),  and  by 
easy  combinations  of  rows  and  columns  break  it  up  into  the  factors 
| Da— .A  | and  |Atj2  — A,  where  A*/  is  the  element  in  the  ith  row  and  y th 
column  of  the  second  compound  of  the  determinant  A.  It  is  known  J that 
the  roots  of  |Afi2  — A | = 0 are  the  product  of  the  c/’s,  two  at  a time,  and 
it  therefore  follows  that  the  roots  of  ! Dti  — A | = 0 are  the  squares  and 
unrepeated  products,,  two  at  a time,  of  the  c/’s.  Thus,  for  the  case  m = 3 
and  k — 2,  we  have  for  the  determinantal  equation  of  (C) 

* Muir,  South  African  Assoc.  Adv.  Sci.,  vol.  i (1903) ; Pascal,  loc.  cit.,  1. 

Pascal  in  his  Die  Determinanten  calls  this  the  Scholtz-Hunyady  determinant.  It  was 
considered  by  them  in  1878-1880,  but,  as  Muir  points  out  in  his  paper,  it  was  considered 
by  Brill,  Math.  Annalen , Bd.  3,  pp.  459-468,  in  1871. 

f Metzler,  Am.  Jour.  Math.,  vol.  xvi,  pp.  131-150  (1893);  cf.  Bados,  Math.  Annalen 
Bd.  48  (1897). 

J It  may  be  observed  that  since  R is  the  product  of  all  the  roots,  we  have  another 
proof  of  IV. 
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V - *■ 

fl^l22 

n ^ 

0-13 

aHai3 

a\2ai3 
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aiiai3 

ai2^13 

a21 
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$21$93 

^22^23 
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$H$g9 

ai\a33  ~~  ^ 

«12«33 

ai2a31 

ai3a31 

a\3a32 

°2\a3\ 

a23a33 

Cl2\a32 

a2ia33 

a22a33  ~ ^ 
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a23ail 
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^32^12 
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a3  2^13 

$39$  if 
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$g9$99 

a33a23 

*^31^22 
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^32^21 
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which  by  performing  the  following  operations 


then 


Col.  4 + col.  7 ; col.  5 + col.  8 ; col.  6 + col.  9 ; 
Row  7 - row  4 ; row  8 — row  5 ; row  9 — row  6 ; 


gives  the  result 


Djj  A j . | A a A | — 0, 


and  since  the  roots  of  \Au  — \\  = 0 are  g1g2,  g±g3,  g2g3,  it  follows  that  the 
roots  of  | Dti-A  | = 0 are  g2,  g2,  g32,  g3g2,  g1g3>  gzg3. 

If  we  denote  the  square  of  A (row  by  column)  by  A2,  and  if  | A*,2  — A | = 0 
denotes  the  determinantal  equation  formed  by  subtracting  A from  the 
elements  along  the  principal  diagonal  of  A2,  then,  since  the  roots  of 
Aii2  — A | = 0 are  g j2,  g22,  g3,  it  follows  that 


Dt i — A | = | Ajj2  — A | . | An  — A 


Syracuse  University, 
April  1917. 


(. Issued  separately  April  16,  1918.) 
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IX. — A Reduction-formula  for  the  Functions  of  the  Second  Kind 
connected  with  the  Polynomials  of  Applied  Mathematics. 
By  Pierre  Humbert.  Communicated  by  Professor  E.  T.  Whit- 
taker, F.R.S. 

(MS.  received  February  4,  1918.  Read  March  4,  1918.) 

§ 1.  Introductory. 

In  the  course  of  an  investigation  regarding  rotating  fluids,  I have  had 
occasion  to  make  considerable  use  of  Legendre’s  function  of  the  second 
kind,  which,  as  is  well  known,  may  be  expressed  in  the  form 

Q n(z)  = £P n(z)  kg  - + ] 

where  Pw  is  Legendre’s  polynomial,  and  fn_x  a polynomial  of  degree  n—  1. 
Various  expressions  of  fn_x  have  been  given,  particularly  in  terms  of 
Legendre’s  polynomials  of  lower  degrees ; but  I found  that  none  was 
satisfactory  in  regard  to  the  practical  computations  which  I had  to 
perform.  I tried,  therefore,  to  obtain  a suitable  form ; and,  introducing 
a polynomial  B n(z),  of  degree  n—  1,  such  that 

An{z)Rn(z)  + Bn(z)Rn'  (z)  = l, 

where  An  is  a polynomial  of  degree  n—  2,  I found  the  following  remark- 
able expression : * 

fn_^Z)  = ~ B„(S)  . 

Z 2 — 1 

The  same  process  allowed  me  in  a similar  way  to  obtain  a simple 
reduction-formula  for  Lame’s  function  of  the  second  kind.]-  I then  formed 
the  idea  of  extending  this  method  to  the  treatment  of  other  functions, 
and  the  result  of  this  investigation  is  the  theme  of  the  present  paper. 

§ 2.  The  General  Method. 

Let  us  consider  a polynomial  fn(z),  of  degree  n,  satisfying  the  differential 
equation  of  the  second  order 

(E)  + c{-z)fni?)  = 0 

where  a , b,  c are  polynomials. 

* Comptes  Rendus , t.  165,  p.  759.  t Ibid .,  p.  699. 
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We  shall  assume  that  the  two  following  conditions  are  satisfied : 

1.  All  the  roots  of  fn{f)  are  simple. 

2.  None  of  them  is  a root  of  a(z). 

We  may  remark  that  these  conditions  are  satisfied  for  nearly  all  the 
polynomials  of  mathematical  physics. 

We  shall  write 

Kz)_  yjA. 

a(z)  g(z)  ' 

A second  solution  of  equation  (E),  known  as  the  function  of  the  second 
kind  connected  with/w,  can  be  immediately  written  under  Euler’s  form : 


(1) 


qjf)  =/»(z)  f t 


- [fn(t)Y 

the  lower  limit  of  the  integral  being  conveniently  chosen. 

We  shall  now  introduce  two  polynomials  A n(z)  and  of  degrees 

respectively  lower  than  these  of  ff  and  fn,  and  such  that 

(2)  A n(z)fn(z)  + B n(z)fn'(z)  = 1, 

a property  sometimes  described  as  Bezout’s  formula. 

We  can  then  write 


fnf) 


A, 


Bn-fn  )g  dt. 


fnif)  J \fn  ' fn 

Integrating  by  parts,  and  supposing  that  vanishes  at  the  lower 

J n 

limit  of  the  integral,  we  obtain 


qfz)  B n(z)g(z)  , /7A„  + B„:  , B ng 


+ 


g dt. 


fnif)  fnif)  ' J V fn  ‘ fnff 

We  shall  write  the  quantity  between  brackets 

A„  + 6,/  ^ B nb 

f n frfl* 

and  try  to  find  a new  expression  for  it. 

From  identity  (2)  we  have 

(3)  A nff  + A ffn  + B fff  + B nff  = 0, 

whence 

An  + B n _ ^ _ B nfn 

fn  fn  f nfn 

Denoting  now  by  ux,  u.2,  . . . un  the  roots  of  fn,  and  by  vlt  v2,  . 
the  roots  of  f',  we  have 

A n'(vi) 

f'~Zu 


. V 


n- 1 


fa  irtfa'(Vi)(z-n) 

B A B >,•)/„>,)  ^ B„('i>j) 

fafa  - •«,)  fJVijf -Vi)  ' 
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But  from  (3), 
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A n(Vi)  B n(Vi) 


and  so 


fn'iPi)  fn(Vi) 


= 0, 


An  + B„'  A B n(Ui)fn"(Ui) 
Zj  f '2 


fa 


ttfn\Ui)(z  - Ui) 


Now  from  (E)  we  have 


whence 


fn'(u;)  = _ b(Ui) 
fa  (Ui)  Cl(Ui) 


We  can  also  write 

(R 


fn  t~la(Ui)fn'(Ui)  Z-Ui 


B ab=  A B>^W  , V - 

7/0  f..'(Ui)(z  — Ui)  Zja'( 


afn  i-ia(ui)ff{ui){z  - Ui)  £fa'(Si)fn(si)(z  - «*) 


where  s±,  s2,  . . . srn  are  the  roots  of  a(z). 

[We  suppose  here  that  the  degree  of  b(z)  is  inferior  or  equal  to  the 
degree  of  a(z),  which  is  generally  the  case  in  the  equations  of  applied 
mathematics;  we  shall,  however,  see  afterwards  an  example  of  the  con- 
trary, introducing  into  this  equality  a constant  term.] 

We  thus  obtain 

K + B/  _ BJ>  = _ y Bn(Sj)b(sj)  , 
fn  afn  S a' (Si)fn(Si)(z  - Si)  ’ 


and,  using  this  formula,  we  obtain  for  qn  the  required  expression : 


(5) 


<ln(z)  = - B n(z)g(z)  —fn(z 


B n(si)b(sj)  j ~g{t)dt 

f°>'(Si)fn(Si)J  t~Si 


We  shall  now  discuss  this  result: 

(a)  Comparing  this  value  of  qn  with  the  expression  given  by  (1),  we 
see  that  it  contains  m integrals  instead  of  one ; but,  firstly,  these  m 
integrals  are  similar  in  form;  and  secondly,  not  containing they  are 
far  more  simple  than  the  integral  in  (1). 

(b)  The  polynomials  of  mathematical  physics  are  generally  solutions 
of  differential  equations  where  a(z)  and  b(z)  are  independent  of  the  degree 
n,  which  appears  only  in  c(z).  The  m integrals  in  (5)  are  therefore  inde- 
pendent of  n,  and  appear  in  the  expression  of  the  function  q of  any  order. 
So,  if  m<n,  we  can  reduce  qn  to  the  m functions  q1,  q2,  . . . qm,  and  our 
formula  (5)  will  be  a general  reduction-formula  for  qn.  We  must  note 
that  the  function  q0  cannot  be  introduced  there,  for,/0  being  a constant, 
the  polynomial  B0  is  nugatory.  This  reduction -formula  seems  to  be 
specially  suitable  for  the  numerical  computations  which  often  occur  in 
harmonic  analysis  and  allied  questions. 
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(c)  We  shall  presently  establish  a general  formula  for  the  B?l’s,  which 
will  be  of  great  help  in  simplifying  our  expression  (5). 

Let  us  suppose  that  the  degree  of  b(z)<  the  degree  of  a(z),  and  consider 
again  equality  (4).  Owing  to  the  fact  that 

~Bn(ui)fn'(ui)  = 1 , 

it  can  be  written 

= ^ B n(si)b(sj) ^ fn"(Ui) 

afn  ~a(Si)fn(Si){z  ~ «i)  " fn\Ui){z  - Ut)  ' 

Let  us  multiply  the  two  members  by  0 and  make  0 become  infinite : 
observing  now  that 

y*  fn'(Uj)  _ A 

as  being  the  sum  of  the  residues  for  the  rational  fraction  > , we  obtain 

Jn  \Z) 

the  required  formula 

/a\  xS  q 

V ; ««'(*) /.(«)  ' 

(d)  Suppose  now  that  we  have  to  deal  with  polynomials  which  are 
solutions  of  a differential  equation  of  hypergeometric  type : this  is  a most 
important  case.  We  are  led  to  two  integrals;  but,  using  the  preceding 
formula,  we  shall  reduce  them  to  one  integral  only,  independent  of  n,  and 
so  the  function  qn  will  be  reduced  to  qr 

(1 e ) It  is  not  unnecessary  to  remark  that  the  polynomial  Bw(0)  is  rather 
easy  to  form : it  can  be  obtained  from  fn(z)  by  rational  operations  only ; 
the  knowledge  of  the  roots  of  fn(z)  is  not  needed.  In  many  cases,  as  we 
shall  see  hereafter,  it  is  possible  to  form  a recurrence-formula  between 
the  B’s  and  /’ s,  which  will  be  of  great  help  in  obtaining  readily  the  values 
of  Bn(si). 

We  shall  illustrate  this  general  theory  by  various  examples,  chosen  as 
follows : 

1.  a(z)  is  of  degree  3 : Lames  equation. 

2.  a(z)  is  of  degree  2,  and  b(z)  of  degree  1 : Legendre’s  equation  and 
its  extension. 

3.  a(z)  and  b(z)  are  of  degree  1 : Laguerre’s  equation. 

4.  a(z)  is  of  degree  0,  6(0)  of  degree  1 : Hermite’s  equation. 

§ 3.  Lame’s  Functions. 

We  shall  not  here  give  details  of  the  treatment  by  the  above  method  of 
Lame’s  functions  of  the  second  kind,  as  this  development  is  to  appear  else- 
where, together  with  its  application  to  the  theory  of  Poincare’s  figures  of 
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equilibrium  for  a rotating  mass  of  fluid.  We  shall  only  state  the  following 
results : 

When  Lame’s  function  of  the  first  kind  is  a polynomial,  i.e.  when  n is 
even,  there  is  no  difficulty  at  all,  and  the  function  of  the  second  kind  Sn  can 
readily  be  reduced  to  functions  S of  the  first  and  second  order. 

When  n is  odd,  Lame’s  function  being  no  longer  a polynomial,  but  the 
product  of  a polynomial  Tn  by  an  irrational  factor,  the  method  fails. 
However,  it  can  be  applied  with  certain  modifications : taking  for  An  and 
the  polynomials  connected  with  T?l  by  Bezout’s  formula,  and  introducing, 
in  the  course  of  the  work,  double  roots  for  the  decomposition  of  rational 
fractions,  a formula  analogous  to  the  preceding,  though  a little  more  com- 
plicated, can  be  obtained,  which  allows  the  reduction  of  Sn  to  the  two 
functions  S of  order  1 and  2. 


§ 4.  The  Extended  Legendre’s  Polynomials,  C nv(z). 

These  functions,  studied  by  Gegenbauer,  furnish  us  a good  and  com- 
plete example  of  our  method.  Let  us  first  briefly  recall  some  of  their 
properties.* 

The  polynomial  C nv(z)  is  defined  by  the  expansion 

(1  — 2 aZ  + a2)-"  = ^7  anCnv(z). 

n=0 

It  satisfies  the  differential  equation 


(1  — z2)y"  - ('2v  + 1 )zy  + n( 2v  + n)y  = 0. 

It  can  be  expressed  in  terms  of  Gauss’s  hypergeometric  function  by 
the  formula : 

n\  / \ r(?i  ~b  2r)  0 i 1 — z\ 

c”(z)=ix»Ww  ; ,,+i;  ~r)- 


Amongst  the  recurrence-formulae  of  this  function  we  shall  use  the  two 
following : 

(I)  nC/  = (n  + 2v  - l)^Cn_/  + {f  - l)Vn_;v 

(II)  nzCn  - (n  +2r-  l)Cn_/  + (z2  - l)Cn\ 

With  Cnv  is  associated  a function  of  the  second  kind,  which  we  shall  write 


H/(z) 


C/(2)  f 


di 


j„(l-^)>-+4[C/(0]2 


* For  the  properties,  expansions,  recurrence-formulae,  etc.,  of  the  function  C?F,  the 
reader  is  referred  to  Whittaker  and  Watson,  Modern  Analysis , p.  323.  See  also  Appell  and 
Lambert,  Generalisations  des  fonctions  splieriqucs  (Edition  Frangaise  de  l’Encyclopedie,  ii,  5), 
p.  237. 

VOL.  XXXVIII.  5 


66 


Proceedings  of  the  Royal  Society  of  Edinburgh.  [Sess. 


The  general  method  may  he  applied  without  any  difficulty ; we  shall 
introduce  the  polynomial  B/(h) ; and  in  this  particular  case  formula  (6) 
will  be  written 

3V(1)  Bny(  - 1 ) 0 

C/(l)  CV(-l) 

In  order  to  evaluate  B«v(1)j  we  shall  establish  the  following  recurrence- 
fonnul^  * 

(n  + 2v-  \)Gn_^v{z)Bnv{z)  - nC*{z)Bn_-f(z)  + z2-l  = 0. 

The  demonstration  is  easy  : we  have  a polynomial  of  degree  2n—2;  and 
we  shall  prove  that  it  has  2n—l  roots,  viz.  the  (n—  1)  roots  a1?  a2,  ■ • • an-\ 
of  C and  the  n roots  of  /3i  ...  /3n  of  Cnv(z).  For  a root  ai,  it 
becomes,  since  Bn_1v(ai)Cn_1'v(ai)=  1, 

— n^n(ai)  + (ai2  — l)Cn_1/v(aj), 

which  is  zero  by  recurrence-formula  I ; and  for  a root  /3i,  it  becomes 

(n  + 2r-  1 )Cn_F(/4  + (ft2  - 1 )C  " (ft), 


which  is  zero  by  II.  Then,  since 


(V(1) 


r (n  + 2v) 


our  formula  gives  us 


T(n  + l)T(2i/) 

B/(l)  = Bn_/(l). 


But,  C {(z)  being  2vz,  B *(z)  is  ~ ; so 

Ay 


B„hi)  = 


\ 

2v 


and 


Bnv(  1 ) T(n+l)r(2v) 


(V(l)  2vT(?l+2v) 

The  general  method  gives  us  then  the  following  result : 


H 


B „»(*)  (2v+i)r(»+i)r(2K)n  dt 

x{Z)~  ~ (1 -**)"+*  ' 2vT(n  + 2v)  { >l(T^W- 


Two  forms  can  then  be  proposed : we  can,  as  we  have  said,  express  the 
above  integral  in  terms  of  H1V,  and  write 


H nv(z) 


1 


(1  -z2y+i 


r(»+ nr^)  M2) 

2vzT(n  -i-  2v) 


+r(”t  .-wiw 

zV(n  + 2v) 


We  can  also  observe  that  this  integral  is  nothing  else  than  the  function 
H 0v+1(z),  and  write 

H„-(z)=  - . 'Vffi  + (2v  + 1 + 1 )r(2l')c„-(z)H/+1(z). 

w (1  -z2)-+i  2vT(n  + 2v ) w 0 w 


These  are  two  reduction-formulae  for  H/. 


1917-18.]  Reduction-formula  for  Functions  of  Second  Kind.  67 

For  v = i,  we  have  ordinary  Legendrian  functions;  the  first  formula 
becomes 

Q«(*)  = - + /+’  + Lh+O- 

1 — Zz  z(  1 — ZL)  Z 

0+1 


As  Q x{z)  is  \z  log 


0-1 


:(1  — z 2) 

— 1,  this  can  be  written 


Q-W  = + jp  n(z)  log  , 


which  is  the  formula  we  spoke  of  at  the  beginning  of  this  paper. 

Professor  Whittaker  having  suggested  that  the  function  Bn  might  be 
put  under  a determinantal  form,  I have  found  for  Bnv  the  following  ex- 
pression as  a determinant  with  (n—  1)  rows: 

(2v+l )z  + (2v+l)  0 0 0.  .. 

2 (2v  + 4 )z  2v  + 2 0 0... 

0 3 (2  v + Q)z  2i/  + 3 0... 

0 0 4 (2j/  + 8)2  2v  + 4 


Bnv  = 


1 


2v(2v+  1)  . . . (2v  + n—  1) 


This  expression  includes  as  a particular  case  the  determinantal  form  for 
the  function  Bn  connected  with  the  Legendrian  polynomials. 


§ 5.  Laguerre’s  Polynomials. 

The  polynomial  L n of  Laguerre  * is  defined  by 

L“(z)=e  ~^(zV) 

and  satisfies  the  differential  equation 

zLn(z)  + (z+  1 )L n'(z)  - nLn(z)  = 0. 

The  function  of  the  second  kind  connected  with  this  polynomial  is 

«->£iirar 

We  do  not  develop  this  case,  which  is  extremely  simple.  A recurrence- 
formula  can  readily  be  obtained  between  the  B’s  and  L’s ; it  may  be  proved 

that  Ln(0)  — Til,  and  B»(0)  = — ; , ; and  we  obtain 

n\ 

[n  !]2MW(^)  = e-zIin-i(z)  + Ln(z)M0(z) 
where  IIn_1(0)  is  the  polynomial 

i[Ln(z)  - (n\yBn(z)]  ; 

* Laguerre,  (Euvres , 1,  p.  428.  Appell  and  Lambert,  op.  cit .,  p.  236.  These  polynomials 
can  be  expressed  in  terms  of  the  confluent  hypergeometric  function  m. 
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and  it  may  be  noted  that  M0(z)  is  nothing  else  than  the  well-known 
logarithmic-integral  function,  li(z). 


§ 6.  Hermite’s  Polynomials  ; or  the  Parabolic-cylinder  Function 

when  n is  an  Integer. 

The  parabolic-cylinder  function,*  when  n is  an  integer,  degenerates 
into  the  product  of  an  exponential  and  a polynomial : 

_z2 

P >n(z)  = e 4U  n(z). 

U n is  Hermite’s  polynomial,  which  satisfies  the  equation 

U n ~ zUn  + n\Jn  = 0. 


A second  solution  is  given  by 

V»W  = u»W 


• z t. 2 

e2dt 


- [Un(t)f 

We  shall  consider  only  the  case  when  n is  an  even  number.  Then, 
U»(o)  = l,  Bw(o)  = 0,  and  it  may  be  proved  that 

n(n  - l)Un_2(3)Bw(z)  - U n(z)Bn-2(z)  -z  = 0. 

Now  if  we  proceed  with  the  general  method,  we  shall  have  to  consider 

the  decomposition  of  the  rational  factor  bvd  ; and  a constant  term  must 

U n(z) 

be  introduced.  In  that  case,  we  are  led  to  write 


A n + Bn  zBn  — „ 

+ , 


XL 


U. 


where 


r=oo 

The  recurrence-formula  between  B and  U may  be  used  to  prove  that 

1 


F n — . j 

n ! 


and  finally  we  write 


22 


V»(z)=  -e2Bn(,)  + ^U  n(z)V0(z) 


A second  solution  of  the  differential  equation  of  the  parabolic  cylinder 
when  n is  an  even  number  can  then  be  written 

An(z)  = - B n(z)eA  + Id„(2)A0(3). 


* Whittaker,  Proc.  Lond.  Math.  Soc.,  xxxv  ; Arch.  Millie,  Proc.  Edin.  Math.  Soc.,  xxxii. 
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/ 

The  functions  V0  or  A0  may  be  reduced,  by  a slight  change  of  variable,  to 
the  error-function  Erf  (z). 

These  examples  will  suffice  to  show  how  this  general  method  must  be 
used  for  the  reduction  of  functions  of  the  second  kind. 

Other  functions  to  which  a similar  treatment  may  be  applied  are  the 
Jacobean  polynomials  F n(z),  which  can  be  written  F ( — n,  a-\-n\  y ; z)  and 
the  confluent  hypergeometric  function  W k>m(z)  when  m — k is  of  the  form 
n + i,  n being  an  integer. 


(Issued  separately  May  29,  1918.) 
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X. — Note  on  the  Strathmore  Meteorite  of  1917  Dec.  3. 

By  Professor  R.  A.  Sampson. 

(MS.  received  January  14,  1918.  Read  January  14,  1918.) 

On  Monday,  3rd  December  1917,  in  brilliant  weather,  a meteor  was 
observed  by  many  persons  in  S.E.  Scotland.  Its  luminous  course  lasted 
apparently  for  some  seconds.  It  is  described  as  extremely  bright,  like 
limelight,  or  a length  of  wire  at  white  heat ; it  left  a trail,  part  of  which 
became  detached  but  continued  to  follow  it,  and  it  was  accompanied  by 
two  thin  streamers.  It  was  seen  from  Hexham,  Northumberland,  120  miles 
from  where  it  fell,  low  down  on  the  horizon.  From  Edinburgh  several 
observers  noticed  it  at  an  angle  which  may  be  put  at  45°  from  the  horizon 
and  a bearing  somewhat  to  the  east  of  north.  From  Dunfermline  it 
was  reported  at  “no  great  altitude”  and  travelling  in  a line  inclined 
about  15'  to  the  horizon.  From  Callander  an  elevation  of  45°  is  reported. 
From  Collessie,  near  Cupar,  Fife,  its  explosion  was  judged  to  be  nearly 
overhead.  As  Callander  and  Edinburgh  are  separated  by  about  45  miles, 
if  we  accept  the  elevations  given,  the  meteorite  must  have  been  visible 
at  not  less  than  40  miles  above  the  earths  surface,  and  this  would  place 
it  20°  high  as  seen  from  Hexham,  which  could  hardly  be  described  as 
“low  down  on  the  horizon.”  I am  inclined  to  think  that  the  Callander 
elevation  is  overestimated,  and  should  be  more  nearly  30°,  and  would 
conclude  that  the  meteor  at  the  time  of  its  explosion  was  20  miles  overhead 
at  Collessie,  being  then  horizontally  20  miles  from  Edinburgh  and  from 
Coupar- Angus,  and  at  an  elevation  of  9°  from  Hexham.  The  meteorite 
burst  in  a succession  of  explosions  in  the  course  of  a few  seconds ; most 
observers  agree  that  there  were  five  explosions.  This  noise  and  the  roar 
of  its  passage  through  the  air  drew  the  attention  of  many  to  it,  who  did  not 
see  the  light.  The  roar  was  generally  ascribed  to  an  aeroplane,  and  the 
explosions  to  bombs.  At  an  interval  of  some  minutes,  so  it  appears  from 
several  reports,  after  the  explosions,  pieces  fell  in  Strathmore,  and  three 
were  recovered  in  Perthshire,  at  places  lying  4 miles  apart  and  almost 
in  a direct  line  with  one  another.  A fourth  was  found  at  Corston  in 
Forfarshire,  half  a mile  to  the  east  of  the  same  line,  and  extending  it  about 
a mile  to  the  south.  The  first  to  be  noticed,  weighing  about  2J  lbs., 
penetrated  the  slates  and  lining  of  a roof  at  Keith ick  South  Lodge  (2  miles 
S. W.  from  Coupar- Angus),  but  did  not  break  the  plaster  of  the  ceiling  below, 
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upon  which  it  fell,  nor  did  it  char  the  wood  through  which  it  broke.  A 
second,  also  upwards  of  2 lbs.  in  weight,  fell  in  a field  at  Carsie  Farm, 
about  20  yards  from  where  Mrs  Welsh,  the  wife  of  the  tenant,  was 
standing,  and  penetrated  the  frozen  soil  to  a depth  of  4 inches.  This  was 
picked  up  about  a quarter  of  an  hour  after,  and  was  not  noticeably  warm. 
The  third,  a large  fragment  weighing  22J  lbs.,  fell  in  a field  at  Easter 
Essendy  Farm,  east  of  Loch  Marlee.  A foreman  working  200  yards  away 
heard  the  sounds,  and  then  noticed  some  sheep  in  the  field  start  and  run 
away.  After  the  news  of  the  other  discoveries,  he  went  to  the  spot  and 
found  the  stone  embedded  in  a hole  about  20  inches  deep,  the  clod  and 
pebbles  thrown  up  on  the  N.W.  side.  A small  chip  was  fractured  from 
one  corner  of  it. 

The  foregoing  particulars,  all  of  which  I have  verified  personally  or  by 
letters,  contain  no  novelty  in  the  history  of  these  bodies. 

The  Carsie  fragment  and  the  Essendy  fragment  are  now  in  the  collection 
of  the  Royal  Scottish  Museum. 

I would  add  a few  remarks  on  the  physics  of  the  arrival  on  the  earth 
of  a meteorite  of  this  kind. 

The  sound  of  its  explosions  arrived  “ some  minutes  ” before  the  fragments 
fell.  Hence  the  mean  speed  of  these  fragments  between  explosion  and 
arrival  was  less  than  the  mean  velocity  of  the  sound,  which  in  the  rarer 
strata  of  the  atmosphere  would  be  much  reduced.  It  is  therefore  evident 
that  the  velocity  of  arrival  of  the  stones,  which  would  be  the  lowest 
velocity  in  their  course,  must  have  been  a moderate  fraction  of  the 
ordinary  velocity  of  sound  (1100  ft./sec.),  perhaps  not  more  than  200  or 
300  ft./sec.  For  each  100  ft./sec.  by  which  the  mean  velocity  of  sound 
exceeded  that  of  translation  of  the  meteorite,  and  for  each  minute  that 
elapsed  between  the  explosion  and  arrival,  we  must  remove  the  point  of 
explosion  IT  miles  from  the  point  of  fall.  Say  five  minutes  and  500  ft./sec. 
across,  and  we  have  28  miles,  which  would  place  the  explosion  20  miles 
away  horizontally  and  20  miles  high.  Numbers  in  this  neighbourhood  are 
fairly  in  agreement  with  the  record.  As  to  the  speed  with  which  it  entered 
the  earth’s  atmosphere,  there  is  practical^  nothing  to  go  upon,  for  it  has 
no  relation  to  the  speed  on  arrival  at  the  earth,  and  whatever  it  was  it 
would  be  reduced  in  a few  seconds  to  very  moderate  dimensions.  Suppose, 
for  example,  it  was  n miles  per  second.  We  may  take  it  that  the  air 
would  not  have  time  to  slip  away  from  in  front  of  the  projectile  to  any 
considerable  degree,  so  that  after  1 sec.  it  would  be  driving  in  front  of  it 
a mass  of  n miles  of  air  in  a compressed  state  and  sharing  with  it  its 
momentum.  Let  the  projectile  be  of  depth  c feet,  density  p , and  the  air  of 
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density  <j.  Then  after  jp  sec.,  it  is  easily  seen  that  the  common  velocity 
would  be  reduced  to 

n/{  1 + 5280  pjia/cp}  ; 

for  example,  suppose  c is  1 foot,  p = 3,  <r  = p q of  density  at  the  earth's 
surface,  then  whatever  n is  to  start  with,  the  velocity  will  be  reduced  to 
less  than  1 mile/sec.  after  about  25  secs.  The  subsequent  reduction  of  speed 
is  more  gradual  and  is  easy  to  understand. 

As  the  speed  is  reduced  from,  say,  n mile/sec.  to  1 mile/sec.,  the  mass  in 
motion,  including  the  air,  increases  from,  say,  m to  nm,  and,  in  consequence, 
kinetic  energy  is  lost  to  the  amount  \mnl  — \mn  — \mn  (n  — 1).  This  will  be 
represented  by  potential  energy  of  compression  and  heat  in  the  mass  of  air 
thrust  in  front  of  it  by  the  meteorite.  If  we  suppose  that  ^ = 10  mile/sec., 
the  loss  would  be  1*2  x 109  ft.-lbs.  of  energy  for  each  lb.  of  the  body’s  mass. 
Suppose  the  specific  heat  of  the  body  is  0 '2  ; then  the  hundredth  part  of 
this  lost  energy  communicated  in  return  as  heat  from  the  compressed  air  in 
the  midst  of  which  the  body  is  now  moving  would  raise  its  temperature 
throughout  by  more  than  2000°. 

Hence  there  is  not  the  least  difficulty  in  understanding  how  the  surface 
becomes  fused  and  incandescent  and  the  stone  flies  in  pieces.  At  first  it 
sounds  a paradox  to  say  that  the  air  subsequently  cools  the  stone.  But  this, 
too,  is  easy  to  follow,  for  as  the  speed  diminishes  the  compressed  air,  which 
is  the  depositary  of  the  energy  lost,  readily  escapes  from  the  neighbourhood 
of  the  stone,  and  its  surface  is  brought  continually  into  contact  with  fresh 
portions  of  unheated  air  which  rob  it  of  the  heat  it  has  already  acquired. 
The  process  is  facilitated  by  the  explosion,  which  increases  largely  the 
surface  from  which  loss  takes  place.  I shall  not  attempt,  nor  am  I qualified, 
to  describe  the  meteorite  technically.  This  is  the  work  of  a mineralogist, 
and  the  previous  examination  of  it  will  require  a considerable  time.  It  is, 
however,  obviously  an  aerolite,  that  is  to  say,  of  stony  character.  It  has  the 
usual  depressions,  or  “ thumb  marks,”  and  streaks  or  stream-lines  upon  its 
thin,  fused,  blackish  skin.  If  it  follows  the  rule  for  such  stones,  we  may 
expect  it  to  be  composed  of  nothing  but  very  familiar  terrestrial  elements, 
with  certain  peculiarities  of  crystallisation,  which, according  to  Mr  L.  Fletcher, 
our  leading  authority  on  these  matters,  are  characteristic  of  a hasty  process. 
The  stone  is  said  to  resemble  certain  volcanic  tuffs.  I shall  conclude  with 
a few  remarks  upon  the  astronomical  aspect  of  this  visitor  from  space,  and 
as  we  have  so  little  fact,  a slight  range  of  speculation  may  be  allowed. 

The  quantity  of  these  bodies  which  the  earth  picks  up  is  not  large,  upon 
the  most  generous  estimates.  Some  twelve  known  falls  are  registered 
within  the  British  Isles  in  the  past  100  years — two  of  which  have  occurred 
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in  Perthshire.  The  area  of  the  British  Isles  is  one  sixteen-hundredth  of  the 
surface  of  the  globe ; so  if  we  suppose  that  each  fall  amounted  to,  say,  a 
hundredweight,  and  there  were  ten  times  as  many  falls  upon  our  soil  as  are 
recorded,  with  a proportionate  distribution  over  the  rest  of  the  globe,  we 
find  that  the  earth  would  acquire  no  more  than  100  tons  of  meteoric  matter 
in  this  form  in  the  course  of  a year.  We  have  only  to  compare  this  figure 
with  the  whole  mass  of  the  earth,  6 x 1021  tons,  to  see  how  trifling  it  is. 
Even  if  we  suppose  the  whole  plane  of  the  orbit  of  the  earth,  between  us 
and  the  sun,  to  be  equally  endowed,  the  amount  in  existence  would  only  be 
about  a million  tons.  There  is  no  reason  that  we  should  suppose  it  so 
endowed,  but  if  we  found  ourselves  led  to  do  so.  no  cosmical  consequences 
of  any  importance  would  follow. 

But  there  is  nothing  whatever  in  these  bodies  that  would  lead  us  to 
ascribe  to  them  a remote,  foreign  and  unfamiliar  nature,  or  to  ascribe  their 
origin  to  an  unknown  region  of  space.  They  consist  exclusively  of  very 
familiar  constituents  of  the  earth’s  crust.  They  resemble  certain  volcanic 
stones,  crystallised  in  a hurry.  Is  it  possible  that  they  are  simply  ejecta- 
menta  from  our  own  volcanoes?  It  seems  fairly  improbable.  We  have 
seen  above  that  it  is  not  easy  to  fire  a projectile  with  high  velocity  right 
through  the  earth’s  atmosphere,  because  it  has  to  tear  out  the  whole 
atmosphere  in  front  of  it,  and  in  the  course  of  doing  so  would  generate  a 
sudden  and  enormous  heat  that  could  hardly  fail  to  ignite  and  shatter  it. 
We  may,  if  we  like,  postulate  that  in  former  times  the  earth  had  vastly 
more  powerful  volcanoes  and  a much  thinner  atmosphere  than  now,  but 
that  is  trimming  our  facts  to  suit  our  theory,  and  reduces  it  all  to  an 
idle  guess.  But  a cognate  explanation  is  open  that  presents  no  difficulties 
that  I can  perceive.  On  the  moon  we  know  the  volcanoes  to  have  been 
immensely  greater  than  on  the  earth,  atmosphere  almost  non-existent, 
and  gravity  at  the  surface  reduced  to  one-fifth  of  our  own.  I suppose 
that  when  great  craters  like  Tycho  and  Copernicus  were  active,  few 
undemonstrable  things  are  less  open  to  doubt  than  that  they  ejected  from 
time  to  time  fused  masses  which  never  fell  back  again  upon  the  moon’s 
surface,  which  is  only  the  thirteenth  part  of  the  surface  of  the  earth.  A 
relative  velocity  of  between  1 and  2 miles  a second  would  take  them  for 
ever  out  of  the  moon’s  exclusive  control.  What,  then,  would  become  of 
them  ? The  moon  is,  strictly  speaking,  one  of  the  sun’s  planets,  more 
literally  than  it  is  a satellite  of  the  earth,  and  possesses  the  earth’s  mean 
orbital  motion  round  the  sun  of  18  mile/sec.  The  added  velocity  would 
be  a small  addition  to  this,  and  therefore  any  body  ejected  as  I have 
supposed,  would  simply  become  another  member  of  the  earth  and  moon 
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group,  revolving  round  the  sun  with  them  and  circulating  between  them 
in  complicated  changing  volutes.  In  the  course  of  these  motions  such 
bodies  would  from  time  to  time  strike  the  earth.  That  is  where  I suppose 
our  meteorite  to  have  come  from. 

[Note  added  March  4,  1918. — The  ascription  of  meteorites  to  lunar 
volcanoes  is  an  old  one.  It  appears  to  have  been  first  made  in  1660  by 
an  Italian,  Terzago.  After  Biot’s  demonstration  that  the  meteorite  which 
fell  at  1’Aigle  was  an  unquestionable  case  of  a body  falling  from  the 
sky,  the  cosmical  character  of  these  bodies  was  canvassed  actively. 
Laplace  made  the  suggestion  of  a lunar  origin  without  committing 
himself  to  it,  and  it  was  favoured  also  by  Biot,  Poisson,  and  Arago. 
At  that  period,  on  W.  Herschel’s  authority,  the  existence  of  active  volcanoes 
on  the  moon  was  not  discredited.  If  we  are  to  hold  to  a lunar  origin 
at  the  present  day,  we  must  suppose  the  meteorite  to  have  circulated  from 
a remote  past  between  the  earth  and  moon  without  falling  upon  either. 
This  is  quite  possible.  The  body  need  not  possess  anything  like  a regular 
or  periodic  orbit,  and  if  it  once  belonged  to  the  earth-moon  system,  it 
might  continue  to  do  so  indefinitely,  until  its  motion  was  terminated  by 
collision.] 


{Issued  separately  May  29,  1918.) 
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XI. — Studies  in  Clocks  and  Time-keeping:  No.  1.  Theory  of  the 
Maintenance  of  Motion.  By  Professor  R.  A.  Sampson,  F.R.S. 

(MS.  received  January  14,  1918.  Read  January  14,  1918.) 

The  studies  of  which  the  present  paper  is  the  first  are  intended  to 
accumulate  observations  and  discussions  on  all  necessary  points  connected 
with  exact  time-keeping,  such  as  the  maintenance  of  motion,  air-resistance, 
barometric  error,  escapement  error,  temperature  compensation,  and  so  forth. 
It  may  be  taken  that  no  clock  so  far  made  behaves  uniformly  so  as  to  keep 
regular  time.  The  clock  is  one  of  the  fundamental  measuring  instruments 
of  astronomy,  but  astronomical  practice  has  kept  in  advance  of  the  precision 
reached  by  its  clocks  by  determining  the  clock  error  in  the  midst  of  each 
set  of  observations  and  so  dispensing  with  the  need  for  carrying  forward 
for  any  length  of  time  a doubtful  clock  rate.  But  there  are  many  reasons 
why  we  should  not  be  content  with  this,  which  amounts  to  an  elimination 
of  the  clock.  In  the  first  place,  it  is  not  always  feasible.  In  the  next,  all 
established  indispensable  instruments  ought  to  be  studied  by  themselves  as 
pieces  of  apparatus,  and  the  character  of  their  faults  defined.  Again,  it  is 
unsatisfactory  to  accept  as  final  test  of  time  the  earth’s,  rotation,  because 
this  is  almost  certainly  not  quite  steady.*  There  are  many  other  questions 
which  a distinct  improvement  in  time-keeping  might  elucidate,  such  as  the 
constancy  of  gravity.  It  is  true  we  are  at  present  a long  stage  from  this, 
but  the  position  is  not  hopeless.  For  although  many  admirable  papers 
have  been  written  on  individual  points,  by  Airy,  Bessel,  Foerster,  and 
others,  some  of  them  very  thorough,  none  of  them  have  been  pushed  far 
enough  to  separate  the  controllable  and  calculable  reasons  for  variation 
from  the  anomalous  ones ; nor,  in  my  opinion,  has  the  observation  of  what 
the  clocks  actually  do  been  complete  enough ; and  in  the  end  clock  per- 
formance has  remained  a matter  for  mechanical  skill  rather  than  theory, 
subject  to  the  guidance  of  certain  well-established  traditional  rules.  One 
should  not  underrate  the  degree  of  precision  that  has  been  reached  by 
these  means.  Time  is  measured  out  second  by  second,  the  pendulum  being 
disturbed  each  second,  or,  in  some  constructions,  every  alternate  second,  by 
the  maintenance.  There  are  86,400  seconds  in  the  day.  The  three  chief 
clocks  dealt  with  below  reach  a standard  in  which  the  question  usually 

* Of.  Glauert,  Mon.  Not.  R.  Ad.  Soc .,  Ixxv,  p.  489  (1915). 
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turns  upon  changes  of  rate  of  the  order  of  0S,01  per  day,  sometimes  more 
but  sometimes  much  less ; that  is,  we  may  say,  the  accuracy  attained  is  of 
the  order  10“7.  It  is  obvious  that  it  will  not  be  easy  to  improve  upon  this 
standard  with  the  help  of  theory.  I hope,  however,  that  the  following 
studies  will  make  it  clear  that  many  points  are  open  to  successful  analysis. 

The  present  paper  is  chiefly  theoretical,  but  the  studies  are  conducted 
with  reference  to  the  actual  clocks  at  the  Royal  Observatory,  Edinburgh. 
It  will  therefore  he  necessary  to  describe  these  briefly  in  order  to  make  the 
references  intelligible. 

The  clocks  are  mounted  in  a chamber  which  has  been  constructed 
within  the  great  brick  pillar  that  supports  the  East  Equatoreal.  This 
chamber  is  kept  at  a constant  temperature  of  63°  F.  by  means  of  an  electric 
radiator  turned  off  and  on  automatically  by  a thermometer.  When  the 
radiator  is  off,  a reduced  current  drives  a fan  which  stirs  the  air  and 
prevents  stratification — an  important  point.  The  arrangement  works  well. 
Each  clock  is  contained  within  an  air-tight  case,  exhausted  to  a small 
degree,  and  the  normal  method  of  regulating  rate  is  through  the  baro- 
metric effect,  by  exhausting  or  admitting  air  to  a due  amount.  The  three 
chief  clocks  rewind  themselves  automatically,  and  are  never  touched  for 
any  purpose  unless  it  becomes  necessary  to  alter  the  rate.  The  supports 
are  bolted  to  the  brickwork  of  the  pillar  in  a very  solid  fashion. 

The  ideal  clock  is  a free  pendulum ; but  this  is  impracticable,  because 
the  motion  would  die  out ; besides,  there  would  be  no  means  of  marking 
its  seconds.  To  maintain  the  motion  and  send  out  signals,  without  intro- 
ducing some  noxious  feature,  is  a task  of  great  difficulty.  It  may  be  taken 
at  once  that  the  drum  with  cord  and  pulleys  to  carry  a weight  should  be 
dispensed  with,  and  the  counting  train  and  dial,  if  retained,  should  be  made 
a mere  accessory,  quite  free  of  the  maintenance.  Two  things  are,  however, 
essential  in  one  form  or  another.  The  pendulum  must  unlock  the  mainten- 
ance, losing  in  doing  so  a certain  amount  of  energy,  which  may  be  variable. 
And,  second,  the  maintenance  for  a certain  portion  of  the  arc  must  interfere 
with  the  free  swing  of  the  pendulum.  To  provide  the  maintenance  in  the 
simplest  way,  three  direct  methods  offer,  which  are  illustrated  very  distinctly 
in  the  three  chief  clocks  under  discussion.  First,  by  a pressure  gently 
applied  to  the  pendulum  in  the  neighbourhood  of  its  vertical  position  only, 
the  pendulum  being  free  at  the  extremities  of  its  swing : this  is  the  method 
of  the  Synchronome  clock.  Second,  by  means  of  a small  weight  which  the 
pendulum  picks  up,  carries  to  the  end  of  its  swing,  and  down  again  to  a 
lowTer  point  than  that  at  which  it  was  picked  up.  This  is  illustrated  by 
Mr  Cottingham’s  clock.  And,  thirdly,  energy  may  be  conveyed  to  the 
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pendulum  through  the  suspension  spring,  by  bending  it  a measured  amount ; 
this  method  is  employed  in  the  clock  Riefler.  An  imperfect  approximation 
to  the  first  method  is  supplied  by  the  Graham  dead-beat  escapement,  of 
which  the  observatory  clock,  Dent,  No.  1506,  is  a not  very  modern  example. 
Reference  may  be  made  to  it  occasionally,  as  also  to  a second  Synchronome 
clock  courteously  placed  at  my  disposal  by  the  Synchronome  Company  for 
experimental  purposes. 

I now  pass  to  a description  of  so  much  of  the  practical  details  of  the 
three  chief  clocks,  Riefler,  Synchronome,  and  Cottingham — or  as  they  will 
occasionally  be  denoted,  R.,  2.,  and  C. — as  will  be  necessary  to  make 
reference  to  them  intelligible,  premising  that  this  description  is  not  in- 
tended in  any  sense  to  be  complete,  and  does  not  even  refer  to  many 
features  which  are  essential  to  their  good  performance. 

Beginning  with  Riefler,  our  clock  is  No.  258,  and  quoting  Riefler’s  list, 
is  of  the  type  D,  with  pendulum  Jl.  The  construction  of  its  details  is 
given  in  the  publication,  S.  Riefler,  Prdzisions-P  endeluhren  . . . Mtinchen, 
1907,  and  elsewhere.*  Passing  over  anything  to  which  I do  not  at  present 
require  to  refer,  it  may  be  mentioned  that  the  pendulum  suspension  spring 
is  attached  for  support  to  a cock  which  is  not  fixed,  as  is  otherwise  the 
invariable  rule,  but  rests  upon  knife-edges  so  that  it  can  be  rocked  through 
a measured  small  angle  in  the  plane  of  the  motion  of  the  pendulum.  This 
motion  is  conveyed  through  an  anchor,  fixed  to  the  cock  and  carrying 
pallets  or  impulse-  and  locking-stones  upon  which  the  teeth  of  the  scape- 
wheel  bear.  For  a short  distance  beyond  the  vertical  position  the  spring 
remains  straight,  the  pendulum  and  supporting  cock  rotating  as  one  piece 
upon  the  knife-edges  of  the  latter ; for  a part  of  this  time  the  train  moves 
freely ; then  the  scape-wheel  comes  into  contact  with  the  impulse-face  of 
the  pallet,  quickly  twists  the  cock  back  to  the  vertical  position  and  locks 
itself,  leaving  the  pendulum  to  swing  on  freely  to  the  end  of  its  arc  with 
the  added  energy  of  the  bent  spring ; the  direction  of  bending  is  opposite 
to  the  motion  of  the  pendulum,  and  therefore  locks  the  scape-wheel  securely 
until  the  pendulum  upon  its  return  again  reaches  the  vertical  position ; 
hence  it  is  possible  to  minimise  the  friction  of  the  unlocking  without  risk 
of  the  movement  tripping  or  escaping  prematurely,  and  so  the  angle 
between  the  locking-stone  and  the  scape-wheel  teeth  is  made  the  angle  of 
sliding  friction.  The  overlapping  portion  of  the  scape- wheel  tooth  in  contact 
is  also  very  small.  The  pendulum  swings  freely,  from  the  locking  position 
in  which  the  cock  and  anchor  are  set  back  into  their  vertical  position,  up 
to  the  unlocking  position  of  the  next  semi-oscillation,  which  may  be  taken 
Gf.  Ambronn,  Handbuch  d.  Astronomischen  Inslrumentenkunde , Bd.  i.  (1899),  p.  200. 
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as  the  vertical  position,  being  the  position  in  which  no  bending  remains 
in  the  spring,  and  hence  the  scape-wheel  tooth  is  able  to  slide  upon  the 
pallet.  From  the  unlocking  position  to  the  locking  position  the  pendulum 
is  not  free  but  under  the  control  of  the  maintenance,  being  in  connection 
with  the  anchor  and  train.  As  already  said,  it  begins  this  part  of  its 
motion  by  swinging  with  the  spring  straight,  rolling  upon  the  knife-edges 
that  support  the  cock.  Then  the  cock  is  moved  by  the  scape-wheel  back 
to  its  vertical  position  and  locked.  The  two  operations  together  may  be 
considered  as  constituting  the  maintenance,  and  discussed  jointly  in  their 
effect  upon  the  motion  of  the  pendulum. 

I am  not  concerned  in  the  present  paper  with  numerical  details  of 
clocks  more  than  is  necessary  to  make  the  application  of  theory  clear,  and 
so  will  merely  mention  that  according  to  my  measures  for  the  clock  Riefler 
it  is  found  approximately  : — 

Total  semi-arc  executed  by  pendulum  .....  100' 

Arc  described  from  unlocking  at  the  vertical  position  during 

the  time  the  scape-wheel  is  sliding  down  pallet  . . . 20' 

Arc  described  while  train  is  moving  freely  up  to  point  when 

anchor  is  brought  into  contact  with  lift-face  of  scape- wheel  10' 

Arc  described  from  beginning  of  lift  until  anchor  is  brought 

back  and  locked  in  vertical  position  .....  20' 

So  that  the  supplementary  arc  during  which  the  pendulum 

moves  freely  is  ........  50' 

The  first  three  of  these  portions  of  the  whole  arc  are  considered  to 
cover  the  “ maintenance  ” ; it  is  true  that  during  the  second  the  pendulum 
is  free  from  the  train,  but  it  is  not  swinging  upon  its  spring  at  the  time 
but  upon  the  knife-edges  that  support  the  cock,  and  this  must  be  considered 
as  introducing  a disturbance.  It  may  be  remarked  before  leaving  the 
matter  that  this  highly  peculiar  arrangement  of  hanging  the  pendulum  from 
a rocking  cock  in  place  of  a fixed  one  does  not  in  any  sense  introduce  a second 
period  into  the  system,  such  as  might  be  expected  from  a double  pendulum. 
The  construction  has  in  fact  no  second  period,  being,  in  a strict  dynamical 
sense,  unstable,  because  the  knife-edges  are  below  the  point  at  which  they 
support  the  spring. 

I shall  next  describe  the  essential  features  of  the  Synchronome  move- 
ment. It  is  described  in  detail  in  the  patent  specification,  9527,  W.  H. 
Shortt,  1915,  from  which  the  figure  is  taken.  The  pendulum  is  linked 
permanently  with  a piece  which  may  be  called  the  crutch.  The  crutch  is 
the  piece  which  unlocks  the  maintenance  and  receives  its  impulse.  Its  axis 
is  an  arbor  parallel  to  the  axis  of  oscillation  of  the  pendulum  (but  not 
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coincident  with  it).  There  are  no  wheels  ; all  the  pieces  move  with  mere 
rocking  motion.  The  escapement  is  a small  light  cross  or  X,  which  is 
pivoted  at  its  middle,  and  thrown  from  one  side  to  the  other  by  the  crutch 
in  its  swing.  The  lower  ends  of  this  X are  cut  to  a hook-shape  so  as  to 
serve  as  clicks,  which  support  the  weight  of  an  impulse  piece  until  the 
crutch  releases  it  by  throwing  the  X aside.  The  impulse  piece  is  a fairly 


massive  piece,  but  with  its  centre  of  gravity  close  to  its  line  of  pivots  so 
that  in  its  descent  it  gives  a firm  but  light  blow.  This  blow  is  received  by 
the  edge  of  a small  roller  disc  attached  to  the  crutch.  When  the  impulse 
piece  is  released,  it  is,  as  nearly  as  may  be,  at  rest  on  the  summit  of  this 
disc,  where  the  latter  is  in  its  lowest  position,  and  as  the  pendulum  carries 
the  disc  aside,  the  impulse  piece  runs  down  the  edge  of  the  disc,  doing  work 
upon  it.  By  an  ingenious  but  simple  arrangement  the  impulse  piece  then 
proceeds  to  release  a winding  piece  which  resets  the  impulse  piece  upon  the 
click  of  the  escapement,  and  then  makes  an  electric  contact  which  resets  the 
winding  piece  in  readiness  for  the  next  release,  besides  serving  as  a signal 
for  a chronograph  or  for  operating  a counting  dial ; but  with  this  I am  not 
at  the  moment  concerned. 
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One  striking  feature  of  the  maintenance  just  described  is  the  automatic 
compensation  it  supplies  for  excessive  or  defective  arc.  If  for  any  reason 
the  arc  is  above  its  mean  value,  the  pendulum  carries  the  disc  more  rapidly 
away  from  contact  with  the  impulse  piece,  and  less  work  is  in  consequence 
done  upon  the  pendulum,  because  they  part  company  at  an  earlier  point. 
So  that  an  excessive  arc  receives  a share  of  work  that  is  below  the  mean. 
This  is  an  important  feature.  It  is  true  that  every  pendulum  possesses  in 
some  degree  such  an  automatic  compensation  in  view  of  the  greater  pro- 
portionate resistance  of  the  air  when  the  arc  increases,  but  its  operation  is 
nothing  like  so  prompt  and  decisive.  It  deserves  a short  discussion  on  its 
theoretical  side. 

The  impulse  piece  acts  upon  the  roller  which  is  pivoted  in  the  crutch  of 
the  pendulum.  This  roller  is  at  rest  when  the  impulse  piece  first  descends 
upon  it,  but  the  impulse  piece  exerts  a frictional  drag  upon  it  which  almost 
at  once  establishes  rolling  contact  between  them.  It  may  be  shown  by 
writing  down  the  equations  that  this  rolling  contact  always  ceases  at  a 
point  shortly  before  the  pendulum  and  impulse  piece  part  company,  and  is 
replaced  by  sliding  contact.  The  effect  of  the  frictional  drag  is  pro  tanto 
to  hold  back  the  pendulum,  but  energy  so  lost  is  in  large  degree  merely 
stored  in  the  spin  conferred  upon  the  roller,  which  returns  part  of  it  to  the 
pendulum  through  action  of  its  pivots.  I shall  not  write  down  equations 
for  these  intricacies,  but  shall  confine  myself  to  the  action  in  three  simplified 
cases — viz.  (1),  when  the  circular  roller  is  treated  as  a fixed  pallet  of 
circular  cross-section  and  friction  is  neglected ; (2)  when  the  fixed  pallet  is 
of  triangular  cross-section  and  friction  is  neglected — a case  that  could  be 
approximately  realised  by  attaching  a small  roller  to  the  impulse  piece ; 
and  (3),  the  second  case  as  modified  by  friction.  In  all,  the  impulse  piece 
is  treated  as  descending  freely  between  vertical  guides  and  the  pallet  as 
moved  away  transversely  by  the  pendulum,  with  constant  velocity. 

Case  1. — Smooth  Circular  Pallet. 

Let  m be  the  mass  and  f the  acceleration  of  the  impulse  piece  when 
unresisted.  Q the  normal  force  between  it  and  the  pallet,  a the  radius  of 
the  pallet,  0 the  angle  this  radius  makes  with  the  vertical  in  any  position ; 
then  if  V is  the  velocity  of  the  pendulum  at  this  point,  we  have  during 
contact 

Y = d(a  sin  0)/dt  — a cos  0 . O', 
and  the  actual  acceleration  of  the  impulse  piece  is 

- d2(a  cos  0)ldt2  = V2/a  cos3  0 ; 
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so  that  the  equation  for  Q is 

Q cos  0 = ra(/—  V2/«  cos3  0) 
and  contact  ceases  at  the  position  0 — y,  where 

cos3  y = Y2jaf (1) 


The  whole  impulse  conveyed  to  the  pendulum  is 


but 

hence 


or 


I = J dt . Q sin  0 ; 
dt  = a cos  OdO/Y  ; 


1 = 


maf  I "cos  w 1 - - sec2  e)  tan  6 = 


Y 


ajt 


Y 


a V2  ~]y 

cos  0 sec2  0 

2a  f Jo 


1 = ^(1  - cos  y)2(l  +i  cos  y). 


(2) 


The  work  done  upon  the  pendulum  by  the  maintenance  in  1 sec.  is 
equal  to  the  product  IV. 

Hence  it  is  evident  that  the  impulse  falls  off  faster  than  in  proportion 
to  any  increase  in  V,  the  velocity  of  the  pendulum,  which  is  proportional 
to  a , the  full  semi-arc  of  the  swing ; using  the  equations 

SV/Y  = Sa/a,  23Y/Y  = - 3 tan  ySy, 

we  have 

81  ,4  COS  y J cos  y 

1 _ + 3(1  — COS  y)  " 1 + tt  COS  y 

The  factor  in  [ ] expresses  the  efficacy  of  the  reduction  for  different 

values  of  y ; its  value  is  given  below,  as  well  as  the  ratio  of  I to  maf/Y : — 
VOL.  XXXVIII.  6 


ba 


a 


■ (3) 
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y 

30° 

45° 

60° 

75° 

0 

o 

05 

I V/maf 

•025 

•116 

•313 

•620 

1-000 

SI/I  : Sa/a 

. -9-42 

-4-05 

-220 

- P39 

- LOO 

Thus  the  efficacy  of  this  device  of  compensation  is  much  greater  when 
y is  small.  This  would  correspond  to  / small  for  a given  impulse,  or  a 
more  massive  impulse  piece  moving  slowly ; but  this  introduces  other  con- 
siderations, especially  the  question  of  concentrating  the  impulse  in  the 
neighbourhood  of  the  vertical  position.  A few  particulars  as  to  the 
numerical  values  of  the  quantities  referred  to  above,  in  the  actual  running 
of  the  clock,  are  given  below,  p.  112.  It  may  be  mentioned  here  that  the 
value  of  y appears  to  be  in  the  neighbourhood  of  60°,  where  the  factor  is 
about  double  its  limit  —1.  If,  however,  the  roller  disc,  whose  curved 
surface  causes  variation  in  the  factor,  be  dispensed  with  and  replaced  by 
a wedge-shaped  pallet,  we  could  secure  greater  condensation  of  the  impulse. 
This  will  now  be  considered. 


Cases  2,  3. — Wedge-shaped  Pallet. 

We  may  take  these  together,  the  second  being  merely  a particular  case 
of  the  third. 

Let  h be  the  height  and  2 i the  angle  of  the  wedge,  </>  the  angle  of 
friction ; then  if  the  pallet  is  moved  transversely  with  uniform  velocity, 


there  is  zero  acceleration  of  the  impulse  piece  vertically  between  its  guides  ; 
whence 

mf=  P (sin  i + cos  i tan  <£) 
and  the  pressure  on  the  pendulum  is 

P (cos  i — sin  i tan  cf>)  = mf  cot  (i  + <j>)  > 


t ™fh 

V 


tan  i 

tan  ( i -(-  cf>) 


(0 


the  whole  impulse  is 
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The  work  done  on  the  pendulum,  IV,  in  each  impulse,  is  now  constant, 
and  not  subject  to  any  compensating  deduction  when  V and  the  arc  are 
greater.  It  is  clear  that  <fi  should  be  reduced  as  nearly  as  possible  to  zero ; 
any  irregularity  in  it  will  produce  a change  in  I.  If  <fi  = 0,  IV  is  inde- 
pendent of  the  angle  of  the  wedge ; a narrow  wedge  is  then  to  be  preferred, 
for  this  concentrates  the  impulse  more  upon  the  vertical  position  of  the 
pendulum,  diminishing  the  effect  of  any  irregularities  upon  the  epoch,  as 
explained  below,  and  approaching  more  nearly  than  perhaps  any  other 
case  to  the  ideal  free  pendulum. 

We  can  compare  this  with  the  case  of  a circular  pallet  or  roller,  con- 
sidered in  Case  1,  if  we  take,  for  example,  1—15°,  0 = 12°  in  Case  3.  The 
arcs  during  which  contact  takes  place  between  impulse  piece  and  pallet  are 
in  the  ratio  h tan  i : a sin  y.  Making  the  whole  impulse  I the  same  for 
both,  this  ratio  becomes : 

y . . 30°  45°  60°  75°  90° 

ratio  . . . -055  d80  ’397  ’703  F000. 

Hence  the  proportion  of  the  swing  of  the  pendulum  which  is  entirely  free  is 
distinctly  greater  for  the  wedge-shaped  pallet,  and  could  be  made  greater 
still  if  friction  were  reduced  by  introducing  a small  roller  where  the  impulse 
piece  makes  contact  with  the  pallet. 

The  third  clock  I shall  describe  is  Cottingham's  clock  with  Gill’s 
escapement.  Gill  described  this  escapement  in  principle  in  Brit.  Associa- 
tion Report,  1880,  p.  56,  from  which  tig.  4,  p.  84,  is  taken,  and  some 
experiments  were  made  to  realise  it.  Several  years  after,  while  at  the 
Cape,  he  carried  it  out  with  elaborate  detail,  but  the  clock  was  not  a 
success,  and,  I understand,  is  not  at  present  running.  In  principle  the 
escapement  is  identical  with  Tiede’s  and  Knoblich’s  escapements,  described 
in  Astronomische  Nachricliten,  Bd.  69,  pp.  55-59  (1867).  Foerster  describes 
the  performance  of  the  former,  in  1878,*  and  mentions  that  it  had  been 
running  for  a year  and  three-quarters,  and  exhibited  an  admirable  rate. 
He  also  mentions  that  the  idea  was  the  same  as  in  a clock  constructed 
by  Liais  much  earlier,  in  1854.  But  of  these  anticipations  Gill  and 
Cottingham  were  not  aware.  The  principle  is  indeed  the  same,  but  the 
details,  upon  which  in  practice  all  depends,  present  little  resemblance. 

Cottingham’s  clock  in  its  present  form  is  unilateral,  giving  one  impulse 
every  2 secs.  The  crutch  consists  of  a frame  of  three  rods  mutually  at 
right  angles.  The  first  serves  as  pivot  axis,  the  pivoting  being  done  by 
two  needle-points  resting  in  agate  cuts.  This  axis  is  carefully  allined  with 
the  axis  of  rotation  of  the  pendulum  passing  through  the  middle  of  the 

* A.N.,  Bd.  91,  No.  2182. 
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suspension  spring.  The  second  rod  is  the  one  which  presses  on  the 
pendulum  to  convey  the  impulse.  The  third  carries  an  adjustable  counter- 
poise at  one  end,  by  means  of  which  the  magnitude  of  the  impulse  can  be 
varied,  and  the  other  end  rests,  normally,  upon  a stop,  which  may  occupy 
an  upper  or  a lower  position.  As  the  pendulum  swings  from  left  to  right 
it  picks  up  the  crutch,  in  its  higher  position,  and  carries  it  along  with  it. 
Its  contact  with  the  crutch  closes  an  electric  circuit,  which  operates  a 
magnet  that  moves  the  stop  to  its  lower  position.  The  pendulum  and 
crutch  move  as  one  piece  about  their  common  axis,  without  rubbing,  up  to 


the  extreme  excursion  and  back  again  until  the  stop,  catching  the  crutch, 
separates  them.  As  the  stop  which  arrests  the  crutch  is  in  a lower  position 
than  that  from  which  it  was  picked  up,  work  has  been  done  upon  the 
pendulum,  and  serves  to  maintain  its  motion  against  air  friction  or  any 
other,  as  well  as  loss  of  energy  (by  collision)  in  picking  up  the  crutch. 
Immediately  the  crutch  meets  the  stop  contact  is  broken  sharply,  and  the 
stop  and  crutch  return  to  their  upper  position,  while  the  pendulum  continues 
its  swing  freely  until  the  round  of  operations  is  repeated. 

Mr  Cottingham’s  clock  is  therefore  extraordinarily  simple.  It  contains 
only  two  moving  parts  besides  the  pendulum.  I do  not  propose  to  discuss 
here  the  electric  connections,  but  would  merely  mention  that  with  proper 
precautions  no  difficulty  is  found  in  the  pendulum  itself  making  and  break- 


85 


1917-18.]  Studies  in  Clocks  and  Time-keeping. 

inor  contact.  One  excellent  feature  of  the  clock  is  the  ease  with  which 
its  adjustments  can  be  varied.  The  intensity  of  the  maintenance  can  be 
varied  by  shifting  a counterpoise  along  one  of  the  arms  of  the  crutch-piece, 
and  the  position  with  respect  to  the  vertical  at  which  the  pendulum  picks 
up  the  crutch  can  be  changed  by  changing  the  angle  between  this  arm  and 
the  contact  arm  of  the  crutch.  The  arc  through  which  the  crutch  moves 
in  following  the  pendulum  from  the  position  of  its  upper  to  its  lower  stop 


Forces  on  Kinetic  reactions 

pendulum.  of  pendulum. 

Fig.  5. 


could  be  changed  by  shifting  one  of  the  stops,  but  in  the  actual  clock  this 
can  be  done  less  readily.  These  opportunities  for  variation  make  the  clock 
of  peculiar  interest  for  theoretical  investigation.  Not  least  useful  of  its 
features  is  the  fact  that  contact  is  made  and  broken  directly  by  the 
pendulum.  When  examined  with  the  microchronograph,  it  is  found  that, 
in  consequence,  the  signals  sent  out  are  entirely  free  from  certain 
accidental  anomalies  which  present  themselves  in  the  signals  of  Riefler 
and  Synchronome,  and  which  must  be  ascribed  to  the  indirectness  of  the 
signal  contacts  of  the  two  last. 
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I shall  take  next  the  dynamical  equation  of  motion.  The  most  material 
additional  element  to  the  ordinary  theory  consists  in  the  addition  of 
frictional  terms.  Before  referring  to  them  further,  however,  I shall  clear 
out  of  the  way  a secondary  point,  viz.  the  influence  of  the  pendulum 
spring.  It  is  necessary  to  put  its  effect  upon  the  pendulum  in  a clear 
light,  because  it  is  an  important  feature  in  all  clocks,  but  especially 
in  Kiefler,  since  there  it  is  the  instrument  for  conveying  energy  to  the 
pendulum  and  of  locking  the  train.  In  what  follows  motion  in  two 
dimensions  only  is  contemplated,  the  genesis  and  effect  upon  time-keeping 
of  a twisting  motion  about  the  axis  of  the  rod  of  the  pendulum  being 
reserved  for  subsequent  consideration. 

Among  other  features,  bending  the  spring  produces  dissipation  of  energy. 
This,  however,  may  be  amalgamated  with  air-resistance  and  other  sources 
of  loss,  which  are  considered  below.  I shall  also  disregard  the  kinetic 
reactions  of  the  spring  itself, — both  its  mass  and  movement  being  very 
small  as  compared  with  the  pendulum — and  shall  generally  retain  only 
terms  of  the  first  order  of  the  angular  displacement  of  the  pendulum. 

The  diagram  (fig.  5)  shows  the  forces  called  out,  first  in  the  spring,  then 
upon  the  pendulum,  and,  finally,  the  kinetic  reactions  of  the  pendulum  which 
result  from  the  forces  applied. 

6 is  the  inclination  of  the  pendulum  to  the  vertical ; 

x,  y,  vertical  and  horizontal  co-ordinates  of  the  top  of  the  pendulum 
with  respect  to  the  point  of  fixture  of  the  spring ; 
l,  length  of  spring,  so  that  x = l\ 

d,  distance  from  top  of  pendulum  to  its  centre  of  mass ; 

T,  S,  L,  the  tension,  shear,  and  bending  couple  on  the  spring  at  its  point  of 
attachment  to  the  pendulum  ; 

X,  Y,  L0,  the  same  things  at  its  upper  point  of  fixture ; 

£,  rj,  current  co-ordinates  at  any  point  of  the  spring ; 

P,  maintaining  force,  applied  directly  to  the  pendulum  ; 

then  the  couple  at  the  point  is  Ed^/dg2,  where  E is  a constant ; and  we 
have  from  consideration  of  the  spring  the  equations 

X - T + S0  = 0, 

Y-T0— S = 0, 

E d*r,/d&  = L + Y(x  - i)  - X(y  - v). 

We  may  remark  that  S is  of  the  same  order  as  P the  maintenance,  and 
hence  S/T  is  of  order  10~4.  Hence  S$  may  be  omitted  in  the  first  of  these 
equations. 


i 
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Integrating  the  third  equation 


L + Y(x- e>  - X(y  - rj)  = Achfv/(X/E)  + Bsh  V(X/E), 

whence 

Xdv/d£  — Y = V(X/E)  ( Ash^/(X/E)  + Bch,V(X/E) }. 


To  determine  the  constants  A,  B we  have 


W rite 
then 


for  £=0;  rf  — 0,  drj/d^=0, 

for  £=Z;  y = y,  dr)fd£=6. 

V(X/E)  = A; 

L + Yx  — Xy  = A,  -Yl  = BA, 

L = AchA  + BshA,  1X0  - IY  = A{  Ash  A + BchA}  ; 


eliminating  A,  B,  two  equations  result  which  give  respectively  y and  L In 
terms  of  l , X,  X,  Y. 

From  the  last  three  equations,  the  equation  for  L is 


0 = 


L, 

1X0  - IY , 
-YZ, 


chA,  shA 
AshA,  AchA 


multiply  the  first  row  by  XshX,  the  second  by  — chX,  and  add  to  the 
third ; then 

0 = LAshA  - (1X0  - 1 Y)chA  - YZ, 
or 

AL  = 1X0/ coth  A - ZYth(A/2), 

= ITO/shX  — ZSth(A/2), 

or  say 

L = T . 10  . A2  + S . I . A3, (5a) 

where 

A2=  1/AshA,  A3  = — A_1th(A/2). 

Similarly  from  the  first  three  equations 


0 = 


L + Yx  — Xy, 


-1, 


* 


— L,  chA,  shA 

Y Z,  *,  A 


or 

(L  + Yx  — Xy)  AchA  — YZshA  — LA  = 0. 
Substituting  for  L,  and  putting  x = l,  we  find 


y = 10  . A_1th(A/2)  + Z(Y/X){1  - 2A-Hh(A/2)} 

= 10{\  - A-Hh(A/2)}  + Z(S/T){1  - 2A“1th(A/2)} 

= Z^At)  + Z(S/T)A1 (56) 

say,  where 

— =5  <n.J  Aq  =1  — A-Hh(A/2),  A1==  1 - 2A-Hh(A/2), 

so  that 


A-Hh(A/2)  = 1 - A0  = i(l  -Aj)=  -A3. 
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Equations  (5a)  (56)  show  the  couple  developed  and  the  displacement 
of  any  given  spring  of  negligible  mass.  X=  c©  corresponds  to  the  case  of  a 
perfectly  flexible  string  suspension,  giving  L = 0,  y = l(0-\-S/T)  = l0,  for  in 
this  case  the  shear  is  zero  also  ; as  to  the  value  of  X in  actual  cases 

X = V(X/E),  E = T\qbc*, 

where  q = Young’s  modulus,  b — breadth  and  c thickness  of  the  spring.  In 
the  three  chief  clocks  considered,  c is  in  the  neighbourhood  of  OT  mm. ; 
for  Riefler  and  Cottingham,  6 is  0*4  cm.,  I = 02  cm. ; for  the  Synchro- 
Home  clock,  6 is  1*2  cm.,  1 = 1 cm.  X may  be  taken  as  a weight  of  7 kg., 
and  q 2*0  xlO12  dynes/cm.2;  the  respective  values  of  X and  the  other 
functions  are 


R.,  C. 

S. 

X . 

. 0-6 

1-8 

shX 

•637 

2-942 

th(A/2)  . 

•291 

•716 

A0 

•51 

•60 

V 

•03 

•20 

A2 

2-62 

T9 

a3 

-•49 

-•40 

Now  take  the  equations  of  motion  of  the  pendulum  itself.  There  are 
two  cases,  viz.  when  the  maintenance  P is  applied  by  a pressure  on  the 
pendulum,  and  when,  as  in  Riefler,  it  is  applied  by  means  of  a couple 
impressed  through  the  spring. 

Take  the  former  case,  and  let  li  be  the  distance  of  the  point  of  applica- 
tion of  P below  the  end  of  the  pendulum  ; denoting  differentiations  by 
accents, 

lsl(dhn  + y"  - x'O)  = - M g sin  0 + P — S, 

0 = — M g cos  0 + T, 

M { ( d 2 + W)V  + y"d  - x'd6}  = - M yd  sin  6 + PA  L, 
or  if  the  first  power  of  0 only  is  kept, 

M(d  + l A o)0"  = — sin  0 + P - S, 

0=  - Mc/  + T, 

M {d2  + k2  + dlAQ}0"  = - M yd  sin  0 + PA  - L . . . (6) 

Eliminating  S,  T,  L by  means  of  (5a), 

M{(c?  + lA0)(d—  lAg)  + k2)0"  = -M>{rf  + (A2-As)Z}0  + P(ft-A8Z)  . (7) 

Retention  of  sin  0,  cos  0 to  second  order  would  have  the  effect  of  supple- 
menting the  right-hand  member  by  the  terms  + JMgd3{d  + Z(SA2  — A3)}. 
Where  it  is  necessary  to  consider  this,  I shall  amalgamate  it  with  P. 
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The  frequency  of  the  free  oscillation  is  n where 

{(£?  + ZA0)(d  - IA3)  + k2}n2  = g{d+  (A2  - A3)J}  . . . (7a) 

This  equation  shows  how  the  bending  and  reaction  of  the  spring  affect  the 
motion.  It  is  usually  stated  that  the  pendulum  behaves  as  if  it  turned 
about  a point  midway  in  the  length  of  the  spring ; geometrically,  this  is 
approximately  true ; the  terms  on  the  left  expressing  the  kinetic  reactions 
are  nearly  equal  to 

M{  (d  + |Z)2  + fc2}0',  since  A0-A3=l  ; 

but  the  restoring  force  brought  in  by  the  bending  couple  of  the  spring  does 
not  fit  in  with  this  statement  even  approximately ; in  place  of  a coefficient 
we  have  for  the  two  cases  considered 

d+3-lll  and  d + 0'591 

respectively.  The  change  comes  in  chiefly  through  the  coefficient  A2, 
expressing  the  dependence  of  the  bending  couple  upon  the  displacement 
of  the  pendulum. 

The  correction  to  the  term  d,  viz.  (A2  — A3)£  = A-1  { G°secliL  A + th(A/2)}£ 
= A-1  coth  A.  A Now  A-1  c<  (bc3fl~1 ; hence  this  correction  a (Ac3)~J  coth  A ; 
its  value  for  a very  weak  spring  suspension  (A  = oo  ) is  zero,  corresponding 
to  the  case  coth  oo  = 1 ; as  the  stoutness  of  the  spring  is  increased  or  the 
length  diminished  the  correction  increases  in  value  and  the  clock  gains 
more  than  in  proportion  with  the  diminished  length. 

From  this  it  will  be  seen  that  the  rule  that  the  effective  pivot  of  the 
pendulum  is  half-way  in  the  length  of  the  pendulum  spring  must  never 
be  applied  as  a dynamical  rule  but  merely  as  a geometrical  one. 

For  example,  the  length  of  the  “simple  equivalent  pendulum  ” is  not 
d-\-^i-\-  . . . , but  d-j~dAo  — A2) -(-  . . . 

In  the  case  of  Riefler’s  maintenance,  P and  PA  are  zero,  and  in  place  of 
the  latter  we  have  a given  applied  couple  figuring  in  the  last  of  the 
equations  of  motion  (6).  Hence  there  is  no  essential  difference  in  the 
equation  for  Riefler,  and  it  does  not  need  a separate  discussion. 

We  shall  take  the  equation  of  motion,  derived  from  (7),  in  the  form 

x"  + . . . + n2x  = R, 

in  which  x may  be  identified  at  sight  with  the  arc  0 or  some  multiple  of  it, 
and  rd  is  defined  by  the  equation  (7a) 

{d2  -4-  . . . + k2}n2  = g{d  + (A2  — A3)Z}. 

The  blank  represents  the  dissipative  terms,  to  which  I now  proceed. 

The  effect  of  friction  upon  the  pendulum,  its  law  and  intensity,  requires 
to  be  determined  experimentally.  A separate  study  will  be  devoted  to 
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this  hereafter.  I shall  merely  mention  here  that  over  the  range  of  arcs 
that  are  considered  I find  that  the  rate  of  decline  of  motion  of  a free 
pendulum,  subject  only  to  air-resistance  and  the  dissipation  of  energy  in 
the  spring,  is  satisfactorily  represented  by  the  solution  of  the  equation 

x"  + KX  + Xx'2,  + 7l1X  = 0. 

The  quantity  k/u  ranges  from  05  x 10~4  to  08  x 10-4  approximately,  for 
different  pendulums,  and  A is  such  that  in  the  neighbourhood  of  the 
semi-arc  a^lOO' 

^ ^ tokI ao2?l2 1 

that  is  to  say,  the  second  term  with  respect  to  the  third  bears  much  the 
same  order  as  the  fourth  term  would  bear  to  the  term  ?i2(sin  x — x) 
= — \n2xz  which  is  required  to  complete  it.  Both  may  be  treated  in  the 
same  way.  Deferring  this  point  for  the  moment,  when  the  action  of  the 
maintenance,  represented  by  the  term  R,  is  included,  the  motion  over  a 
portion  of  every  oscillation  may  be  considered  to  differ  from  that  of  the 
free  pendulum  to  which  the  equation  above  applies.  For  example,  there 
is  the  friction  of  unlocking,  and  in  the  case  of  Riefler  there  is  the  pivoting 
on  the  knife-edges  for  a portion  of  the  swing.  All  such  additions,  of  what- 
ever origin  and  character,  supplementing  the  equation  of  motion  of  a free 
pendulum,  are  considered  as  a part  of  R.  But  such  a feature  as  the 
friction  of  the  crutch  on  its  pivots,  in  Synchronome,  and  of  the  link  that 
joins  it  to  the  pendulum,  would  be  included  in  the  left-hand  member  of 
the  equation,  because  these  are  continually  present. 

Consider,  then,  the  fundamental  equation  of  motion 

x + kx  + n2x  = R . . . . . (8) 

The  chief  peculiarity  of  this  equation  is  that  the  term  R,  being  set  in 
action  by  the  pendulum  unlocking  the  maintenance,  has  not  a given  period 
of  its  own  but  is  strictly  of  equal  period  with  the  motion  taken  up  by  the 
pendulum  itself.  This  feature  modifies  the  bearing  of  the  work  throughout. 

As  mentioned  above,  in  the  best  clocks  k/u  is  less  than  10~4.  Hence 
any  approximation  including  ( k/u )2  may  be  considered  complete,  running 
as  it  does  below  the  order  of:  0S001  per  day  in  the  rate.  But  for  mathe- 
matical purposes  it  will  often  be  convenient  to  give  exact  solutions. 

Taking  the  suggestion  from  Airy,*  let  us  write  the  solution 

x — a sin  r = a0  exp  v . sin  r 

x = n'a  cos  t = 7i'a0  exp  v . cos  r ....  (9) 

where 

r — n't  + e. 


* Trans.  Cambridge  Phil.  Soc .,  iii  (1827),  p.  105. 


1917-18.]  Studies  in  Clocks  and  Time-keeping.  91 


In  these  equations  a,  e are  not  arbitrary  constants,  but  are  variable  para- 
meters, each  containing  an  arbitrary  constant  (the  former  being  «0),  while 
n is  at  present  undefined,  v,  e are  so  defined  that  x satisfies  the  relations 
(9)  as  well  as  the  equation  (8) ; the  former  condition  gives 

dv  . de  r. 

sm  r + — cos  r = 0, 
dt  dt 

and  the  latter 


,dv 

n — cos  r 
dt 


dz 

ri  — sin  t = (nr'2  — ri2)  sin  r — kii  cos  t + Ra„_1e 
dt  ’ 


lo~v 


whence  for  the  definition  of  v,  e 


dv/dt 
cos  r 


dejdt 
sin  r 


Re-" 


n an 


K cos  T + 


ri 2 - ri2 


sm  T 


n 


(10) 


It  is  well  to  make  clear  the  meaning  of  the  assumptions  (9).  They  are, 
of  course,  modelled  exactly  on  Lagrange’s  method  of  instantaneous  orbits 
in  the  planetary  theory.  The  motion  of  the  pendulum  would  be  simply 
harmonic  if  k were  zero ; owing  to  its  possession  of  a definite  value  there 
is  no  harmonic  motion  with  fixed  amplitude  and  epoch  that  will  continue  to 
fit  the  circumstances,  but  at  any  instant  one  may  be  found  that  will  at  that 
instant  fit  the  position  and  motion  possessed  by  x.  It  will  be  seen  that  to 
retain  an  arbitrary  value  for  ri  merely  throws  into  e the  progressive  part 
of  t which  is  not  covered  by  n’t ; there  are  then  two  obvious  choices  for 
n , which  will  be  considered  below  : 

(1)  n = mean  frequency  of  t,  so  that  e contains  nothing  but  periodic 
terms ; 

(2)  n —n,  leaving  a term  in  e proportional  to  the  time. 

We  shall  now  connect  the  solution  proposed  with  the  familiar  solution 
of  equation  (1)  for  the  case  R = 0,  viz. 

x = A exp  ( — \ id)  sin  (pt  + y).  [p2  = n 2 — \k2. 

Eliminate  e by  the  equation 

de/dt  = dr/dt  — ri  ; 


then  if  R = 0,  the  integral  equation  for  t is 


n , k / -i  k 

— tan  t = 1 „ 

n 2 n \ in2. 


tan 


n 


P-44)WC); 


therefore  if  n is  the  frequency  of 


ri 2 = ri2  - Ik2 


Eliminate  t from  the  equation  for  dv/dt ; integrating 


. (11a) 
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-i 


or 


v = log  + - sin  TCOST  + ——  sin2  r _ (T  + 1) ) 

l n 4 nL  ) In 


a — clq  exp  v = a0  exp  ( - J | 1 + -h  sin  r cos  t + -h_  sin2  r 


4^ 


. (116) 


the  equation  (11a),  (116),  together  with 


— , tan  r -p  — = — tan  (nt  + C) 
n 2 n u 


• (He) 


express  the  solution,  which  is  immediately  identified  with  the  known 
form,  since 


1 + — sin  r cos  r + sin2  r = cos2  r sec2  (nt  + C) 
?Z  4 //  2 


'2 


sin  r = — cos  t f — tan  (nt  + C)  — 

n l n 2 n) 


so  that 


exp  v . sin  r = exp  ( - \ xt ) sin  ( n't  + C — tan  1 Ph  j 


. (lid) 


The  formulse  just  given  are  exact,  but  are  less  suited  for  use  than 
approximations  which  are  easily  carried  as  far  as  x2/^2-  I now  give 
these,  still  for  the  case  R = 0. 

Starting  from  equations  (10), 


% = - O-ifS i - 1 ) cos  2t  + ^ sil1  2t 


ridt  \n'2 


n 


with 


r = nt  + e 


we  have  a first  approximation 

n2/V2  = 1, 

Substitute  for  e,  and  we  have  for  the  second  approximation 


/< 

e = 6a , COS  Zr. 

0 4 ri 


de 


ndt 


i(p  - 1 - §3  - i(^  - l)  cos  (2»'«+  2c„)  + ZC  sin  (2n'<  + 2 e0) 


-^yc°s(^+H)  • • • 


giving 


ft'2  _ 


e = e0  - cos  (2ft'£  + 2e0)  - Th ~2  sill  (2nt  + 2e0)  - sin  (4ft'i(  + 4e0)  . (12a) 

It  is  clear  that  to  this  order  we  may  replace  n'  by  n in  the  equation  for  e, 
since  x3/n3  is  insensible. 
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In  the  same  way  it  is  seen 

( 


exp  v = exp(-  ~rj  1 1 - ^ ~ - ~ sin  (2 n't  + 2e0)  + T\^-2  cos  (2 n't  + 2e0) 

+ A C0S  (4^  + 4e0)  . . . ) 

n - J 

Here,  again,  n'  may  be  replaced  by  n. 

For  most  purposes  the  first  approximation  suffices,  viz., 


where 


x = a sin  r, 


a = a0  exp  ^ — \td  - J — sin  2(?z£  + eQ)^ 


(126) 


(12c) 


r = lit  -f  €0  — | — cos  2{nt  + €0), 

71 


which  shows  clearly  the  fluctuation  of  instantaneous  amplitude  and  epoch 
of  the  vibration. 

Repeating  the  foregoing,  but  taking  the  second  choice  indicated  on  p.  91, 
viz.  n'  = n,  write  for  this  special  case 

= nt  + e, 


where  e now  contains  a term  proportional  to  the  time ; and 

x = a0  exp  v . sin  <f>,  dxjdt  = naQ  exp  v . cos  cf>  (9) 


so  that 

then  from  (10) 
whence 

or 

where 


71 

tan  = — tan  r ; 
n 


dxfi/dt  = n + k sin  cos  <p, 


ndt  = d (tan  <£)/  ( (l  - ^2)  + (21  + tan  <t> 


n tan  </>  + tan  (nt  + C) 


- — n 2 — 1//2 


4 5 


(13) 


which  agrees  with  equation  (11c). 

The  frequency  of  <p  is  n' ; for  a first  approximation,  the  equations  (12c) 
hold  when  cp  replaces  r ; for  a second  approximation 


id  , i K . i id  . / c\  , tr\  \ i K2 


= e0  - i - i - cos  (2 nt  + 2<ro)  - tV-9  sin  (2nt  + 2eo)  - X2  -9 sin  ( int  + 4eo)  • ( 14) 


n 


n 


n- 


Before  taking  the  case  of  maintained  motion,  in  which  R^O,  consider 
the  modification  of  the  fundamental  equation  (8)  if  terms  of  second  and 
third  orders  in  x,  clxjdt  are  present  owing  to  geometrical  or  dynamical 


causes. 
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As  already  mentioned,  it  will  appear  from  the  observations  of  resistance, 
to  be  given  subsequently,  that  the  resistance  may  be  taken  as  varying 
with  the  first  and  third  powers  of  the  parameter  x and  not  with  the  second. 
The  same  is  true  of  circular  error,  due  to  the  consideration  of  a finite  arc 
of  oscillation.  Confining  attention  then  to  actual  cases,  consider 

0 = x"  + kx  + n2x  + A^3  + X2x2x  + \„xx2  + A4F3  + . . . (8a) 


where  accents  denote  differentiations. 

Substitute 

X = a sin  (n't  + e0)  = a sin  r, 

then 


x3  = a3  sin3  T 


= fa3  sin  r — fa3  sin  3 r 


3 ,,  2 ,y, 


+ • 


X X 


.2 


= no?  cos  r sin2  r = 4 n a?  cos  r — 4Fa3  cos  3 r = 4a2F  + . . . 


x'2x  = n2 a3  cos2  r sin  r = \n2 a3  sin  r + \n'2a3  sin  3 t = \ri2 a?x  + . . . 


x 3 = n'3a3  cos3  t 


= \n3 a3  cos T + \n3 a3  COS  3 r = %n2a2x  + . 


It  will  appear  below  that  terms  such  as  sin3T,  cos  3t  are  without  any 
sensible  influence ; hence  they  are  disregarded  ; the  equation  becomes 


0 = x"  + [k  + i A2a2  + |'/V47z'2a2]x/  + [ n 2 + f A4a2  + JA3^2  a2] 


x 


showing  how  period,  etc.,  are  modified  by  higher  terms. 
For  example,  if  we  have  as  the  more  exact  equation 


in  place  of 


0 = x"  + . . . + n2  sin  x 
0 = x"  + . . . + n2x, 


(86) 


the  correction  is  given  by  Apr3  = n2  (sin  x — x)  = — \n2x3,  and  that  to  the 
frequency  is  in  consequence 


An 


n 


= +§Aia2  = 


- -i-a2 
16a 


which  is  the  Circular  Error,  as  usually  given. 

Further  treatment  of  this  point  is  given  in  the  Tables  of  Circular  Error, 
which  will  appear  hereafter. 

With  regard  to  the  terms  in  sin  3 r,  . . . which  have  been  passed  over : 
suppose  they  were  included,  and  we  wrote 

x"  + . . . + [ n 2 -f  . . . ]x  = -JA1a3  sin  3r  + . . . 
we  should  have  in  consequence 


-gV Axa hi  2 sin  3 r . . . 

Taking  the  same  example,  with  \ = — \n2,  the  coefficient  of  the  term 
would  be 

x—  . . . — ^a3  sin  3 t+  ; 
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thus  for  a = 2°,  the  coefficient  would  be  less  than  (F’Ofi  ; the  same  will  apply 
to  other  cases ; nothing  occurs  to  enhance  any  term  which  has  not  a 
period  nearly  equal  to  the  principal  period.  In  consequence,  the  sole 
sensible  effect  of  the  added  terms  will  be  found  in  the  modification  of  the 
coefficients  of  (86). 

We  come  now  to  the  inclusion  of  a maintenance  term,  R. 

First  consider  the  effect  of  an  irregular  element  in  the  term  R,  being 
an  accidental  variation,  say,  equal  to  AR.  This  will  produce  effects  on  both 
amplitude  and  epoch  of  motion,  viz.  by  equation  (10), 

Aa  = — ■,  I AR  cos  t dt , Ae  = I a-1AR  sin  r dt. 

n J n J 

These  are  Airy’s  equations,  discussed,  however,  only  for  the  case  in  which 
k — 0.  They  were  the  first  expressions  given  for  the  Escapement  Error. 
They  show,  in  the  first  place,  that  constancy  of  arc  and  constancy  of  epoch 
(or  time-keeping)  depend  upon  different  or  complementary  conditions — this, 
of  course,  apart  from  the  effect  of  arc  upon  time-keeping  through  the 
circular  error.  They  show  that  the  conditions  for  correct  time-keeping  is 
that  Ae  should  enjoy  a minimal  property,  vanishing  for  all  small  variations 
possible  to  AR — still  apart  from  circular  error.  We  shall  return  to  their 
consideration  later  when  the  circumstances  of  regular  maintenance  have 
been  dealt  with. 

The  mechanism  of  maintenance  differs  widely  in  detail  in  the  clocks 
dealt  with,  but  possesses  certain  necessary  features  in  common.  The 
pendulum  first  parts  with  energy  in  order  to  unlock  the  mechanism,  and 
afterwards  receives  back  from  the  mechanism  a greater  amount  of  energy. 
The  excess  is  dissipated  in  overcoming  frictional  resistances,  which  increase 
with  the  amplitude  of  the  motion  and  give  an  automatic  balance,  that  would 
be  maintained  steadily  if  the  circumstances  did  not  vary.  Effort  is  directed 
therefore  to  make  the  circumstances  of  unlocking  and  maintenance  repeat 
themselves  as  exactly  as  possible  both  in  force  and  in  phase  of  application. 
As  a matter  of  experience,  the  clocks  of  which  I am  speaking  do  remain 
in  a sensibly  steady  state  at  least  for  several  hours,  or  say  for  104  semi- 
oscillations ; variations  of  a more  fugitive  character  leave  no  feature  that 
can  be  traced.  Hence  I shall  consider  such  as  covered  by  the  accidental 
variations  referred  to  under  AR  above,  and  I shall  treat  the  maintenance 
and  unlocking  as  constant,  afterwards  considering  how  far  the  coefficients 
that  define  them  are  themselves  defined  by  the  amplitude  of  the  motion 
they  maintain. 

It  is  obvious  that  the  proper  expression  for  a force  (R),  such  as  is 
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described  above,  which  is  discontinuous,  and  repeats  itself  in  a definite 
period,  is  a Fourier  series. 

Write  then 

t — n't  + €0, 

R = A0  + cos  r + Bj  sin  t + . . . + Ar  cos  rr  + Br sin  rr  + ...  . (15) 

The  terms  in  R for  which  rj=  1 present  no  difficulty  and  are  easily  dealt 
with  afterwards ; consider  first,  then,  the  special  form 

E = A cos  r + B sin  r . . . . ( 1 5 a) 

together  with 

x"  + kx  + n2x  = R.  (8) 

The  frequency  n is  not  at  present  supposed  defined.  The  natural  form  of 
solution  is 

x = a sin  t — a0  exp  v . sin  r, 

in  which  a contains  no  zeroes  and  r is  a simply  periodic  function,  the 
arrangement  of  zeroes  of  r in  respect  to  t depending  upon  the  definition  of 
the  former  in  terms  of  the  latter.  From  the  equations 


dv/dt 
cos  r 


de/dt 
sin  r 


Re  v n2  — n2  ■ 

— k cos  r h — - — sm  r 


n a 


o 


n 


(10) 


it  is  clear  that  if  R=£0  there  is  no  choice  of  n which  makes  e a purely 
periodic  function  so  long  as  exp  v is  not  purely  periodic,  that  is,  so  long  as 
the  mean  value  of  a is  undergoing  change ; for  if  at  any  moment  we  choose 
n'  so  that 

Up- v 71*2  7^2 

—j — sin  r - k sin  r cos  r -\ — sin2  r 

n a0  n 

shall  contain  no  constant  term,  a progressive  character  in  exp  ( — v)  will 
afterwards  disturb  the  balance.  Hence  so  long  as  there  is  a progressive 
change  in  amplitude  there  will  also  be  a progressive  change  in  period. 

This,  it  will  be  observed,  relates  only  to  the  case  of  maintained  motion, 
with  maintenance  R containing  a term  in  sin  r.  The  same  is  clear  by 
considering 

x + kx  + n2x  = R = B sin  r + . . . = —x  + ... , 

a 


where  it  is  obvious  that  if  a changes  progressively,  there  is  no  fixed  period 
to  the  motion.  Hence  the  discussion  divides  into  two  parts : 

(1)  Permanent  periodic  motion  associated  with  a particular  form  of  R. 

(2)  Transition  from  one  permanent  motion  to  another  when  the 
coefficients  of  R are  changed. 

Considering  the  first,  the  matter  is  now  very  simple. 

We  suppose  an  asymptotic  state  to  be  reached  in  which  any  progressive 
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part  of  a has  been  effaced.  This  removes  also  the  arbitrary  constants  of 
integration  of  the  differential  equation,  corresponding  to  the  arbitrary 
character  of  the  way  in  which  the  motion  was  started.  We  have  merely 
to  find  a particular  integral,  and  this  can  be  done  by  inspection ; for  if  we 
have  the  equations 

x"  + kx  + n2x  = A cos  r + B sin  r 


where 

a solution  is 


x = a sin  r, 


where 

i.e. 

or 


a = a0  = A /ku\  T = n't  + e() 

ri 2 = ri1  - B/a0 , 

A(?72  — n2)  = — B ku 

n \ + A'2  n2 ) 2 An 


. (16a) 


. (166) 


These  equations  are  exact. 

The  same  results  are  visible  also  as  a solution  of  (10),  p.  91,  where  v = 0. 
e = e0  is  seen  to  be  a solution  provided  a0,  n satisfy  (16a),  (166). 

The  equations  just  given  are  of  fundamental  importance.  I shall 
therefore  make  a few  remarks  upon  them. 

In  ordinary  cases  of  maintained  motion  or  forced  vibration,  the  period 
of  the  maintenance  is  given  and  the  forced  vibration  is  identical  with  it 
and  therefore  given  also,  a definite  lag  separating  the  phases.  Here,  how- 
ever, the  period  of  the  maintenance  is  dependent  upon  the  elastic  reactions 
of  system.  In  consequence,  the  phase  of  the  maintenance  as  measured  by 
B/A  appears  in  the  period,  and  with  it,  what  is  most  important,  the  first 
power  of  the  frictional  coefficient  k.  It  has  been  stated,  I think  without 
exception  hitherto,  that  the  friction  of  a vibrating  system  affects  the 
frequency  only  in  the  second  order,  referring  to  the  equation  n 2 = n2  — \k2> 
but  this  is  only  true  of  the  natural  period  of  non-maintained  motion,  and, 
as  it  appears,  is  quite  inapplicable  to  the  case  of  maintained  motion,  first, 
because  this  reaches  no  steady  period  at  all  until  the  free  motion  has  died 
out,  and,  second,  because  the  frequency  to  which  it  then  settles  down  is 
given  by  (166). 

Consider  one  or  two  cases  of  given  phase. 

(1)  Suppose  B = 0,  so  that  the  maintenance  is  symmetrical  with  respect 
to  the  zero  of  x and  has  its  maximum  at  this  zero  ; then  n = n,  the  frictional 
coefficient  k does  not  enter  the  period,  and  the  phase  of  the  maintained 
motion,  x,  is  always  a quarter  period  from  that  of  the  maintenance. 

(2)  Suppose  A = 0,  or  the  maintenance  has  its  maximum  at  the  extreme 
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excursion  of  x ; in  this  case  the  amplitude  a of  the  oscillation  is  zero  and 
the  period  is  altogether  deranged. 

(3)  For  A,  B,  both  positive,  when  the  maximum  of  the  maintenance 
precedes  the  zero  of  x,  n <n,  i.e.  the  maintained  motion  loses  on  the  natural 
period ; and  generally 

(4)  As  — B/A  increases,  the  maintained  motion  gains. 

(5)  A variation  of  A or  k will  affect  the  amplitude  a0  and  thence  the 
period  also,  through  the  circular  error ; but  this  may  be  treated  separately. 

(6)  To  a degree  of  approximation  that  is  almost  complete,  the  whole 
permanent  motion  depends  upon  the  first  two  coefficients  A,  B of  the 
Fourier  series  which  expresses  the  maintenance. 

Now  consider  No.  (2)  of  p.  96,  viz.  the  transitional  motion  that  takes 
place  before  a permanent  motion  has  established  itself  under  a specified 
maintenance.  The  chief  interest  of  this  is  the  transition  from  one  motion 
of  permanent  character  to  another  when  the  frictional  coefficient  k or  the 
coefficients  of  the  maintenance  A,  B undergo  an  alteration.  We  know 
from  the  pages  above  how  much  the  period  of  the  motion  will  finally 
change,  but  the  further  question  arises, — How  much  does  the  epoch  change 
in  the  interval  of  transition  ? 

Let  A,  B,  k change  to  A + AA,  B-f  AB,  k + Ak',  retain  only  the  non- 
fluctuating  terms;  then  from  (10),  p.  91, 


whence 


d(  Av)  jA  + AA^ 
dt  2 ria0 


1(k  + A/c), 


Ce~!(K+A'0i, 


where  C is  an  arbitrary  constant ; using  the  condition, 

Av  = 0 for  A A = A/c  = 0 when  t — 0, 

we  have 

(1+T>“d1+x)+(tK-x>-i(K+i't,(  • 

showing  the  way  in  which  a0  = A/uk  changes  into 

a = aQeAy  — (A  + AA)/A(k  + A/c). 

The  final  change  in  amplitude  is 

A a A A A/c 
a A k 

In  the  same  way 

AB  A A A/c  /A/c  AA 

7b  a~  + T 


d Ae  , B 
-dt=^K  A 


if  we  omit  squares,  etc.,  of  AA/A,  AB/B,  A k/k. 


. (17a) 
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Integrating,  and  making  Ae  = 0 for  t = 0, 


Ae 


2 A 


= tAn'  + 


B 

A 


AB 

X' 

AA 

X 


AA  Ak 

X + 7 


B 
+ A 


'AA 

X' 


A K 


(1  _ Q-^K  + Ak)^ 


Ak 


(1  _e-i(*+A/c )«) 


• (176) 


Apart  from  the  change  tAn',  which  expresses  the  effect  of  the  permanent 
change  of  rate  reckoned  from  the  alteration  of  the  circumstances,  the 
epoch  is  shifted  by  an  angle 


B AA  Ak 

aLX  ” x 


1>  A a 
A a 


. (17c) 


in  which  it  will  be  noticed  that  k as  a factor,  and  AB,  do  not  appear. 

For  Aa  positive,  the  change  is  a gain  or  loss  according  as  B/A  is  positive 
or  negative. 

It  may  be  taken  that  the  proportional  variations  AA/A,  etc.,  do  not 
exceed  the  order  of  1 per  cent.,  and  B/A  will  usually  be  less  than  unity, 
so  that  this  shift  may  be  of  the  order  of  1°,  or,  say,  s,005  in  time. 

The  foregoing  discussion  is  suited  for  the  cases  in  which  the  main- 
tenance is  given  as  an  applied  force : but  in  the  case  of  the  clock  Riefler, 
where  it  is  supplied  by  bending  the  pendulum  spring,  a treatment  on  the 
basis  of  energy  is  clearer.  I shall  therefore  repeat  the  discussion,  taking 
the  energy  of  the  motion  as  a variable.  The  results  are  general,  and  apply 
to  any  clock  and  not  exclusively  to  Riefler. 

Write 

E = £{x'2  + n2x2},  F = nxx',  G = ^{x'2  — k¥}, 

so  that 

E2eeF2  + G2; 


E measuring  the  sum  of  variable  parts  of  the  kinetic  and  potential 
energies  as  far  as  the  latter  is  due  to  the  frictionless  elastic  reactions  of 
the  system. 

Then  if 

x -f-  kx  -f*  n2x  = R, 


we  have, — accents  denoting  differentiations — 


E'  = x x"  + n2xx  = — kx  2 + Vx  = — k(E  -1-  G)  + RF, 

F'  = nxx"  + nx2  = — iikxx  + n(x 2 — n2x2)  + 7iVx  — — kF  + 2nG  + nJix, 
G'  - xx  — n2xx  — E'  — 2?iF, 


which  may  be  written 

(E'  + kE)  + kG  = RF  =H, 
(F'  + kF)  — 2nG  = 7iRx  = 
kE  + 2nF  + (G'  + kG)  = RF  - H ; 


. (18a) 
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or  if  we  write 
they  are 


here 


£ = eKiE,  r]  = eKt  F,  ( = eKtG, 

£ + k'C  = HeKt  = A, 
rt'-2n£  = <f>e*t  = M 
k<~  4-  2 nrj  + = A ■ 


(186) 


A(£-£)  = M rj,  or  Av  = W(£  + £). 
From  these  the  natural  period  for  the  case 

A = M = 0 

is  immediately  deduced ; viz.  putting 

i,  p,  t exP  (ipt), 


we  have 


0 = 


or 


ip 

* 

K 

* 

ip 

— 2 n 

K 

2 n 

ip 

p2  = 

= 4?i2 

- K 2. 

= ip(  —p2  + in 2 - k2), 


We  may  write 

rj  = £ sin  2<f>,  £ = £cos2</>, 

and  putting 

(f)  - nt  + e, 

take  £,  e as  variables,  when  the  equations  will  run 

2e  = k sin  2cj)  — M/£ 

Z I 

The  last  may  be  written 
and 
and 


£/£=  -K  COS  2<f>  + A/£  . 

E'/E  = - 2k  cos2  </>  + H/E 
A = = R.c'e'y  M = i?eKt  = HxeKt 

H sin  cj>  = <&  cos  </>. 


(18c) 


These  may  be  compared  with  equations  (10),  p.  91,  when  the  agreement 
is  at  once  seen. 

H is  the  rate  of  supply  of  energy  by  the  maintenance,  and  <l>  the  virial 
of  the  maintaining  forces. 

As  final  form  of  the  equations  we  may  take 

E'/E  = —2k  cos2  <f>  + H/E, 

2e'  = k sin  2c j)  — <h/E, 

giving  the  variations  of  energy  and  epoch.  In  these  expressions  the 
variations  that  take  place  within  the  period  of  <fi,  that  is,  within  2 secs, 
are,  generally  speaking,  immaterial ; in  this  case  the  equations  may  be 
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simplified  by  integrating  for  mean  over  several  periods.  Denoting  such 
means  by  [ ],  we  have,  to  the  first  order  in  k, 

[E'/E]  = -k+[H/E] (19) 

[2e>[-*/E]; 

if  we  proceed  to  the  second  order  in  k/u,  the  term  —K2/4>n  is  introduced  on 
the  right-hand  member  of  the  second  equation,  besides  possibly  also  terms 
depending  upon  products  of  k and  the  coefficients  of 

To  compare  this  with  the  former  solution,  when  a steady  state  of 
maintenance  has  been  reached,  write 

x = /3  sin  <f>.  x = n/3  cos  <£,  E = 1 2/32, 

R = A cos  <f>  4-  B sin  <£, 

H = RE,  <I>  = Hx ; 

hence  in  the  steady  state 

0 = - k + A/n/3 (20) 

2e'  = -B /n2f3  = -/<B/wA, 

which  are  equivalent  to  (16a),  (166)  of  p.  97,  to  the  order  of  k/u. 

We  may  now  enumerate  the  data  which  are  required  before  the  steady 
motion  can  be  calculated.  They  are  A,  B,  k,  n,  e0.  Of  these,  in  any  single 
case  of  motion,  e0  gives  merely  an  origin  from  which  the  measurements  of 
time  are  made,  and  need  not  concern  us  further,  n may  be  taken  as  known, 
viz.  7r/n  — l sec.  To  determine  A,  B,  k we  require  to  observe  (1)  intensity 
of  the  maintenance,  (2)  its  phase  with  respect  to  oscillation  when  all  is 
steady,  and  (3)  the  amplitude  of  the  arc  under  the  same  circumstances. 
Of  these  (3)  may  be  accurately  read  to  about  1 sec.  in  the  semi-oscillation 
by  means  of  a fixed  microscope  which  observes  alternately  the  points  of 
instantaneous  rest,  left  and  right,  of  a divided  scale  attached  to  the 
pendulum ; to  find  (1)  we  can  make  some  estimate  of  the  rate  of  supply 
of  energy  by  the  maintenance,  but  not  in  all  cases  a very  good  one,  for 
though  a design  of  the  clock  is  always  aimed  at  which  measures  out 
geometrically  a constant  quantity  of  work,  the  part  that  reaches  the 
pendulum,  which  alone  matters,  may  vary  by  abstractions  due  to  its  mode 
of  transmission ; the  phase  (2),  measured  by  B/A,  is  generally  given  with 
some  accuracy,  when  the  total  arc  is  known,  from  the  geometrical  circum- 
stances of  application  of  the  impulse  with  regard  to  the  mean. 

It  will  appear  further  on  that  the  theory  gives  a fair  account  of  the 
value  a of  the  amplitude  of  oscillation,  but  with  regard  to  the  time- 
keeping, the  position  is  more  complicated,  and  must  be  reserved  for  future 
examination. 

Return  now  to  the  expression  for  the  maintenance  as  a Fourier  series. 
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If  we  have  the  development  (15)  of  p.  96, 

R = A0  + Ax  cos  r + Bj  sin  r + . . . + Ar  cos  rr  + Br  sin  rr  + . . . (15) 

t = n't  + e0, 

where 

x"  + kx  + u2%  = R, 

after  the  decaying  terms  of  the  free  oscillation  have  disappeared  the 
solution  is 


where 


x = a0  + a1  cos  r + b1  sin  r + . . . + ar  cos  rr  + br  sin  rr  + . . 
( n 2 — r2n2)Ar  — Krn'Br  ^ _ ( n 2 - r2//2)Br  + kth  Ar  _ 

(?i2  — r2/i'2)2  + K2r2?i 2 ’ ' (^2  — r2n 2)2  + K2r2n 2 ; 


in  particular 
provided 


= 0,  b1  = A1/K?i, 

n2  + kAB^A-!^  - /i2  = 0, 


as  adopted  in  (165),  p.  97.  All  the  terms  except  are  of  inconsiderable 
value,  and  we  may  ignore  k/'U,  in  connection  with  them,  writing  simply 

ar=  - Ar/(r2  - \)n2,  5,.=  - Br/(r2  - \)n2 ; [r=^=l. 

it  remains  then  merely  to  obtain  the  development  of  R in  the  form  (15) 
for  each  of  the  separate  cases. 


1.  Synchronome  Clock. 

The  changing  value  of  the  maintenance  at  any  instant  is  given 
approximately  as  Q sin  0 on  p.  81.  It  vanishes  for  0 = 0 and  at  0=y, 
attaining  a maximum  between.  The  angle  y is  connected  with  r by 
the  equations  a sin  y — c sin  \[s,  \!s  = a sin  t,  where  \Js  is  the  inclination  of 
the  crutch  to  the  vertical  and  a cos  y + c cos  \fr  — l is  the  distance  of  the 
centre  of  the  roller  from  the  pivot  of  the  crutch ; but  instead  of  following 
out  this  somewhat  intricate  relation,  I shall  merely  keep  its  general  effect 
and  simplify  the  case  by  supposing  that  the  graph  of  the  maintenance 
is  a half-loop  of  a sinusoid,  vanishing  at  B (T  — 0)  and  D (t  = S),  where  o 
is  a given  angle,  so  that  we  may  put 

R = A sin  7rr/S  from  r = 0to8;  =0  from  r = S to  7r, 

= — A sin  7t(t  — 7r)/8  ,,  7T  ,,  7T  + 8 ; =0  ,,  7T  + S ,,  2-7T. 

Fig.  6,  p.  104,  illustrates  this.  The  left  hand  shows  the  incidence  of 
the  maintenance  while  r progresses  continuously ; the  right  shows,  in  the 
circle,  the  progression  of  t in  relation  to  the  period  and  phase,  and  within 
it  the  corresponding  positions  of  the  pendulum. 
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Then  we  have 

Lr/A  — f si 
Jo 
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7rA~ 


7TT 


^ + 8 . 7t(t  _ tj-\ 

Sill  cos  vtcIt  - I Sill  v 
o 


6 


cos  IttlIt 


'8  7rr  fS  _ ?rT 

= I sin  — cos  vt'It  - | sin  — cos  (?*7r  + ?*t)cZt 


'0 


,8 


= 0, 


similarly 


= — cos2  4?'8  . 47rS/(r282  — 7r2)  ; 

7rJB,/A  = 0, 


[?•  even. 

- **) ; 

[r  odd. 

[r  even, 

[r  odd. 

for  the  special  case  rS  = ir,  these  reduce  respectively  to  0 and  ir/r.  Thus 


R 


4A8 


7T~ 


cos  (r  - ^8)  cos  |8  j N -J  + cos  3(t  - ^8)  cos  48  / [ 1 


3282 


71" 


the  first  term,  which  becomes  much  the  most  important,  is  marked  by  the 
dotted  line  in  the  figure ; it  will  be  remarked  that  its  general  character 
could  have  been  sketched  in  without  ambiguity  from  a consideration  of 
the  value  of  R,  especially  in  the  important  respect  of  the  position  of  the 
maximum.  For  example,  if  we  add  to  the  maintenance  here  shown  the 
force  on  the  pendulum  required  for  unlocking,  which  will  be  represented 
by  a small  addition  preceding  the  maintenance,  and  of  the  contrary  sign, 
this  would  shift  onwards  the  position  of  the  maximum. 

The  resulting-  value  of  x is 


x 


4A8 

7 r2 


//- 


S2 


sin  r . (xn)  1 cos2 18  j y 1 cos  -f-8  cos  3(r  - ^8) 

f 


1 - 


32S2 


(21) 


where 

— = { 1 + ~ tan2  48  J-  - -A  tan  48 

n t n2  1 J 2 n 

In  this  expression  we  remark  that 

cfis2  18/(1  - S2/tt2)  = (1  - S2/327r2)f  1 - S2/52tt2)  . . . 
which  we  can  generally  treat  as  equal  to  1,  writing  thus 

x=  4A8(7 t2k7i)~1  sin  r+  . . . 

These  are  the  equations  showing  the  amplitude  and  period  under  the 
given  maintenance,  which  may  be  taken  as  representative  of  the  class  in 
which  pressure  is  exerted  on  tlie  pendulum  after  it  has  passed  its  vertical 

position.  We  see  that  if  the  arc  increases  owing  to  a decrease  of  k,  n will 

increase  or  the  clock  will  gain,  so  that  the  escapement  error  will  tend  to 
counteract  the  circular  error. 

It  is  easy  to  see  that  if  the  same  maintenance  begins  not  at  r = 0 but 
at  r = y,  lasting  to  r = y + d,  the  formula  will  run 


n 


7 ii = i + 


2 n 


tan  (y  + 18) 


. (21a) 
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2.  COTTINGHAM. 


The  crutch  is  picked  up  on  the  swing  to  the  right,  say,  at  r = y,  and 
dropped  on  the  return  swing  at  r = ir  — y + S.  During  the  motion  crutch 
and  pendulum  are  one  piece,  as  nearly  as  can  be  made ; but  regarding  the 
pendulum  alone,  the  maintenance  may  be  taken  as  a constant  pressure 
upon  it,  always  in  the  same  sense,  as  shown  in  fig.  7.  The  point  at 
which  the  crutch  is  dropped  may  or  may  not  be  beyond  the  point  B'  on  the 
return  swing.  The  crutch  is  picked  up  while  the  pendulum  has  consider- 
able velocity,  and  there  is  a loss  of  energy  owing  to  the  impulse  between 
them.  This  is  the  only  parallel  to  “ unlocking  ” that  this  clock  presents. 
The  loss  due  to  this,  and  due  to  added  friction,  if  any,  appears  to  amount 
to  about  one-tenth  of  what  is  required  for  free  maintenance.  At  the 
present  moment  it  is  disregarded  for  simplicity. 

We  have  then 


Hence  we  have 


R = - A , from  r = y to  T = 7r  + y + 8 
= 0,  elsewhere. 


with 

similarly 

hence 


ira2/A  = ( 

• Y 


T-y+S 


cos  vt  dr  = r 1[sin  v(tt  - y 4-  8)  - sin  ry\ 


and  therefore  (p.  102) 


= 2 r 1 sin  r(y  - |8)  cos  -|-r8, 

= 2r" 1 cos  r(y  - J8)  sin  ^r8, 

-7ra0/A  = j7r  -y  + J8; 

rrbrJ A.  = 2?’-1  sin  ?’(y  - |8)  sin  |r8, 

= - 2 r~l  cos  ?•( y - J8)  cos  J?-8  ; 

R = — 2A/7r[^(7r  — 2y  + 8)  + cos  (y  — tj8)  sin  (r  — ^8) 

- \ siti  2(y  - J8)  cos  2(t  - J8) 

+ J cos  3(y  - J8)  sin  3(r  - J8)  . 


[r  even, 
[r  odd. 


[r  even. 
[?•  odd. 


•] 


X = 2A(7 r?i2)_1[  - - 2y  + 8)  + (u/k)  sill  J8  cos  (y  - £8)  sin  r 

- J sin  2(y  - J8)  cos  2(r  - JS) 

+ cos  3(y  - J8)  sin  3(r  - |8)  . . .] 

The  first  term  is  constant,  and  represents  a permanent  shift  of  the  pendulum 
laterally,  superposed  upon  the  fluctuating  terms.  The  unilateral  character 
of  the  maintenance  is  noted,  by  a comparison  of  this  expression  with  the 
expression  for  the  Synchronome  clock.  This  feature  characterised  by  the 
presence  of  even  harmonics,  would  disappear  if  we  took  Tiede’s  escapement 
in  place  of  Gill’s. 

Also 

n'ln=  {1  + (k/??)2  cot2  J8}- 4-  J(#c/w)  cot  ^8  . . . (22) 
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We  notice  that  this  is  independent  of  the  angle  y,  representing  the  point 
where  the  crutch  is  picked  up,  and  depends  only  on  the  angle  S,  represent- 
ing the  surplus  pressure  which  is  the  effective  maintenance.  S is  given  by 
comparing  the  angle  between  the  stops  with  the  whole  arc.  When  the  arc 
increases,  S diminishes  and  so  n increases,  that  is  to  say,  the  clock  has  a 
positive  escapement  error,  tending  to  annul  circular  error,  as  is  the  case 
also  with  2.  and  R.  But  in  practice  these  theoretical  errors  are  largely 
masked,  as  will  appear  hereafter. 

3.  Riefler. 


The  quantity  H of  p.  100  is  the  rate  of  supply  of  energy  to  the  pendulum 
by  the  maintenance.  As  already  explained,  besides  the  deliberate  supply  by 
bending  the  spring,  H should  also  cover  the  small  loss  occurring  through 
friction  with  the  scape-wheel  tooth  when  the  anchor  is  picked  up  at  unlock- 
ing and  the  disturbance  that  may  arise  while  the  cock  is  free  to  rock  upon 
its  knife-edges.  I shall,  however,  simply  take  the  case  where  H is  a given 
constant,  C,  from  p = y to  p = y + S,  and  again  from  = 77-  -f  y to  i r + y + d, 
and  zero  everywhere  else,  where 


p = nt  + e 

and  p vanishes  when  the  pendulum  is  vertical. 

Then  writing 

H = a0  + al  cos  p + \ sin  p + . . . + ar  cos  p + br  sin  p + 

we  have 


7 TCL.j  — C - 


| J7  cos  rpdp  + j 


n+y+8  j 

cos  rp  d<p 
■+y  J 


= 4Cr  1 cos  r(y  + 1-8)  sin  £rS 
-0. 


Similarly 


6,=  C 


7 T()r 


X 


sin  r<p  d<p  + 


r + y + 6 


TT  + y 


sin  r<p  dp  | 


= 4Cr  1 sin  r(y  + ^S)  sin  \rd 

-0, 


and 
so  that 


27 tc«q  = 2C8  ; 


[r  even. 
[?’  odd. 


[r  even, 
[r  odd. 


again 


H = 2Ct t 8 + sin  8{cos  (2y  + 8)  cos  2 p + sin  (2y  + 8)  sin  2 p [■ 

+ \ sin  28{cos  (47  + 28)  cos  4 p + sin  (4y  + 28)  sin  4 p } 

+ . . . ] ; 
<1>  = H tan  p 

= C tan  p from  p = y to  y + 8 and 
from  p = 7r  + y to  7r  + y + 8, 
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^ = co  + c1  cos  <h  + d1  sin  <£  + . . . 
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2 7 rCQ  = C 


7+5 


V+y+S 


tan  <fi  dcf>  + C 

Jir  + 7 

= 2C  logjcos  y/cOS  (y  + 8) } 


tan  9!)  dcf> 


7TCv  = C 


r7  + 5 


tan  <f>  cos  ?’</>  d<f>  + 


r 7+5 

7 rdT  = C / tan  0 sin  r</>  d<f>  + . . . ; 

J *V 


it  is  unnecessary  to  write  out  the  forms  further;  they  are  not  simple,  but 
they  involve  no  difficulty,  as  the  range  of  integration  does  not  include  a zero 
of  cos  </>.  As  regards  the  steady  state,  we  have  from  p.  101,  equations  (19), 


E = aJK  = CS, 


7TK 


ri  — n=  — J KC0la0  = - Jk8  1 loge{  cos  y/cos  (y  + S) } 


= — kS 


-1  ( ■ 


O 8 


|tan-tan(^y  + -j  + Jtan3-tan3^y  + -j+  . . .| 


(23) 


The  escapement  error  has  the  same  sign  as  for  the  other  two  clocks,  viz. 
opposite  to  the  circular  error. 

Any  other  case  of  maintenance,  even  very  complicated  ones,  can  be 
treated  in  the  manner  applied  above  for  the  three  typical  clocks ; and 
allowances  can  readily  be  made  for  various  slight  departures  from  simple 
laws.  I do  not  propose  to  follow  these  out,  but  shall  take  a few  examples 
of  some  of  the  more  important  constructions. 

It  will  have  been  gathered  that  almost  all  that  matters  is  the  deter- 
mination of  the  coefficients  av  b1  in  the  development 

E , = «0  + cos  t + bl  sin  r + . . . ; 

that  is  to  say,  we  have  to  estimate  the  phase  and  amplitude  of  the  first 
harmonic  of  the  development  of  R ; this  can  usually  be  done  very  fairly  by 
graph,  especially  for  symmetrical  cases.  When  there  are  several  distinct 
parts  in  the  maintenance,  unlocking,  etc.,  it  is  best  to  treat  them  separately 
and  afterwards  unite  the  various  sine  curves  arrived  at. 

(1)  Graham  Escapement. — Omitting  at  first  the  pallet  friction,  let  the 
maintenance  be  represented  by  a constant  pressure  A,  exerted  from  t — y 
to  r — y + £,  and  —A  from  T = ir-\-y  to  r — 7r-fy  + $.  Generally  y will  be 
negative,  the  maintenance  coming  on  before  the  lowest  point  is  reached. 
It  is  evident  from  fig.  8 that  the  first  harmonic  will  have  its  zero  at 
i7r  + y + £<$.  By  calculation  it  appears 

R = 2A/?r  . sin  ^8  cos  (r  — y — ^8)  + . . . 


x = 2 A sin  ^-8(7rtt2)  1 . ( 11/ k ) cos  (y  -f  -|8)  sin  t + . . . 


and 
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where 

n'jn  = 1+  . . . — J (Kln)  tan  (y  4-  JS)  ....  (24) 

If  y-f^d  is  positive,  that  is  to  say,  if  the  middle  of  the  maintenance  follows 
the  vertical  position  of  the  pendulum,  the  escapement  error  is  positive. 

(2)  Pallet  Friction  in  Graham  Escapement. — Shortly  after  the  main- 
tenance is  over,  the  scape-wheel  tooth  and  train  lock  upon  the  opposite 
dead  face  of  the  pallet,  which  is  carried  by  the  |)endulum  along  with  it. 
The  locking  takes  place  a little  way  up  the  face  of  the  pallet,  and  the 
friction  is  therefore  not  quite  equal  in  the  two  phases  of  the  tooth  ascend- 
ing and  descending  the  dead  face.  The  diagram  shows  this,  and  also 
indicates  the  positions  of  locking  and  unlocking  relative  to  the  maintenance 
just  considered.  It  is  clear  that  the  chief  effect  of  such  a disturbance  will 
be  in  the  second  harmonic  and  therefore  of  no  importance.  So  far  as  it 
appears  in  the  first  harmonic,  the  zeroes  are  just  beyond  A,  A'.  It  is  there- 
fore evident  that  it  will  unite  well  with  the  chief  part  of  the  maintenance 
and  have  little  effect  upon  time-keeping. 

(3)  Chronometer  Escapement.  — This  escapement  has  been  applied  to 
clocks  by  Messrs  Dent,  the  sidereal  standard  at  Greenwich  and  a replica 


— - - 

: y ^ _ ^ ] 

~ ~ ~ 

- - 

V A 1 \ \ 1 I 

T T 1 — \ t — -l — 

B A 8/  a'  e. 


Fig.  10. 

of  it  at  Brussels  (Uccle  Observatory)  being  fitted  with  it.  I shall  treat 
it  as  the  case  of  an  impulse,  given  every  2 secs.,  say,  R = A from  T = y — \$ 
to  T = y + -|d,  and  zero  elsewhere. 

We  have 

R = 2A/-7r[J8  + sinJS  . cos  (r  — y)  + . . .] 

whence 

x = 2A(7 r?i2)_1[^8  + ( ?i/k ) sin  IS  cos  y sin  r + -J  sin  S cos  2 (r  — y)  + . . . ] 

and 

n'/n  = 1 + . . . - b(K/n)  tan  y ....  (25) 

If  the  middle  of  the  maintenance  follows  the  lowest  point  of  the  pendulum 
the  escapement  error  is  positive,  n increasing  with  the  arc. 

(4)  Contact  Roller  upon  Pendulum . — Electric  contact  for  a chronograph 
is  sometimes  made  by  attaching  a small  roller  to  the  pendulum,  which 
strikes  upon  a jewel  supported  by  a light  spring  at  each  semi-oscillation, 
and  throwing  it  aside,  brings  it  into  contact  with  another  piece  and  so 
closes  a circuit.  The  chief  blow  upon  the  pendulum  occurs  just  before 
its  lowest  point. 
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Its  effect  in  the  first  term  of  R will  evidently  be  as  indicated,  qualifying 
the  escapement  error  by  addition  of  a negative  portion. 


Fig.  11. 


It  would  be  easy  to  multiply  the  applications  of  this  method,  but  the 
examples  given  above  will  suffice  to  illustrate  it.  I shall  now  return  to 
the  three  standard  clocks,  and  to  conclude  the  present  paper  I shall  show 
how  far  its  formulae  succeed  in  explaining  the  observed  numerical  features 
of  the  clocks. 

It  should  be  remarked  that  the  comparisons  that  follow  are  not  meant 
to  be  final ; the  numbers  quoted  cannot  be  ascertained  without  disturbing 
the  running  of  the  clocks,  and  especially  for  the  clock  Riefler,  which  is  in 
continuous  service  as  the  standard  mean  time  clock  of  the  city.  This  is 
inconvenient  to  do ; the  data  have  been  found  as  occasion  offered,  and  their 
final  determination  has  been  postponed  to  a later  occasion.  Subject,  how- 
ever, to  revision,  they  are  believed  to  be  fairly  reliable.  The  purpose  of  the 
present  study  being  chiefly  theoretical,  they  will  serve  to  show  how  far  the 
theory  is  sufficient  and  how  far  it  is  demonstrably  incomplete. 

Take  first  the  arc;  by  the  energy  equation  (19),  p.  101,  we  have,  when 
a steady  state  has  been  obtained, 


where 

since  the  equation 


[E]  = [H]/* 

E = i(x'2  + M2x2),  H = Rx': 
x + kx  + n2x  = R 


represents  (7)  of  p.  88,  supplemented  by  frictional  terms,  viz. 

M { d2  + . . . + k2}6"  + . . . +M g{d+  . . . }0  = P(7i.  . .)  . (7) 

If  we  write  x = 0,  and  a is  the  full  semi-arc  described,  we  have 

E = JwV 

and 

M{d2  + . . . + tf}'Rx=M{d2  + . . . + k2} H 

= work  done  by  the  maintenance  upon  the  pendulum  in  1 sec.  = W,  say, 
or,  using  the  equation  7r/w  = 1 sec.,  the  equation  for  the  arc  is 

-M {d2+  . . . + h2}n2a2  = W(n/K). 

2 


I shall  now  calculate  the  arcs  of  the  different  clocks  from  this  formula. 


Ill 


1917—18.]  Studies  in  Clocks  and  Time-keeping. 

Cottingham. — In  the  running  of  this  clock,  1917  July  to  December,  the 
crutch  was  picked  up  on  the  right  of  the  vertical  at  2T *5  and  dropped  upon 
return  on  the  left  of  the  vertical  at  14T5. 

M = 77  kg. 

The  couple  exerted  by  the  crutch  on  the  pendulum  (as  measured 
Dec.  1)  is  equal  to  the  weight  of  1*73  gr.,  with  an  arm  of  2*1  cm. 

This  follows  the  pendulum  over  2D5  + 1475  = 36r,  every  2 secs. 
Hence 

W/M{ri2  + . . . } = 173  x 2d  x 981  x ( 1 8'/3438')/7 *7  x 103  x 104. 

Also  from  a series  of  observations, 

K/n  = 0-50  x IQ-4. 

That  is  to  say,  expressing  a in  ', 

a2  = (2 /ttw2)  x 2 x 104  X 1-73  X 2-1  x 981  x 18  x 3438/7*7  x 107, 
or 

a = 6T. 

The  observed  semi-arc  described  is  60'. 

The  angles  y,  8 of  page  105  are  given  by 

2a  siny  = 43',  2a  sin  (8  - y)  = 29', 
or 

y = 21°,  8 = 35°. 

Inspecting  the  formula  for  x,  p.  105,  it  is  easily  seen  that  the  calculation 
of  a above  is  simply  the  same  as  that  for  the  coefficient  of  sin  r in  the 
expression  for  x. 

Synchronome. — The  work  done  upon  the  pendulum  during  1 sec.  is, 
by  p.  81, 

mfa{  1 - cos  y)2(l  + \ cos  y), 

so  that  the  formula  gives 

a2  = (2/Trn2)(n/K)mfa(l  - cos  y)2(l  + J cos  y)/M{d2  + . . .}. 

According  to  the  measures 

K/n  = 0-76  x 10“4, 
a = 0’32  cm., 

M = 7 0 kg. 

The  value  of  mf  has  been  varied  during  the  running,  viz.  mf=l' 00, 
0'85,  0'55  gr.-wt.  respectively.  The  value  of  y cannot  be  observed  with  any 
precision  but  appears  to  be  in  the  neighbourhood  of  60° ; it  will,  of  course, 
increase  as  mf  is  diminished. 
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Making  the  calculation  with  this  value  of  y : 

Semi-arc. 


Calc. 

Obsd. 

7- 

inf  = TO  gr.  . 

. 120' 

110' 

[57°-3] 

0-85  „ . 

. 110' 

105' 

[58°-4] 

0-55  „ . 

89' 

90' 

[60°-7] 

If  we  work  from  the  observed  values  of  a,  and  derive  the  values  of  y, 
the  formula  gives  for  y the  angles  shown  enclosed  in  [ ]. 

The  value  of  k/u  changes  by  some  units  per  cent,  according  to  the  state 
of  the  oil  on  the  crutch  and  its  link  to  the  pendulum. 

Examining  the  formula  of  p.  103  and  the  coefficient  of  sin  r in  the 
expression  for  x,  it  is  seen  that  the  same  numbers  are  derived  as  from  the 
energy  equation  that  has  been  employed  above. 

Riefler. — The  energy  conferred  in  bending  a straight  spring  of  length  l, 
breadth  b,  and  thickness  c,  from  straightness  to  a uniform  curvature  1/p,  is 

w=^#3/(i-A2 


where  q is  Young’s  modulus,  and  p a constant,  being  the  ratio  of  lateral 

contraction  to  longitudinal  expansion.* 

We  may  take  approximately 

q = 2 x 1012, 

/*  = !> 
l = Q"2  cm., 

b = 0'4  cm., 
c = 0'012  cm. 

As  regards  p,  following  the  data  of  p.  78,  the  bending  of  the  spring 
begins  when  the  lift  face  of  the  scape-wheel  comes  into  contact  with  the 
pallet  of  the  anchor,  that  is,  for  arc  of  the  pendulum  0 = 30'  and  is  completed 
for  0 = 50'.  The  bending  contributed  as  added  energy  by  the  maintenance 
therefore  lies  between  30'  and  50',  the  rest  of  the  bending  being  supplied 
from  the  motion  of  the  pendulum  ; taking  it  at  40',  we  have 


hence 

Also 


so  that  the  formula 
gives 


p =10-2  x 3438'/40'=  17*2  cm., 
W = 4T2  ergs. 

M = 7 kg. 

K/n=-  77xlCr4;  , 

a2=(2/7f?l2)(?l/K)W/M{d2+  . . . } 

a = 80\ 


The  observed  semi-arc  is  95"  to  100'. 


* Gf.  Rayleigh,  Theory  of  Sound,  vol.  i,  p.  294. 


113 


1917-18.]  Studies  in  Clocks  and  Time-keeping. 


The  agreement  is  rough,  compared  with  that  for  the  other  two  clocks, 
but  the  data  are  not  so  well  determined.  In  particular,  k/u,  which  was 
determined  from  a single  occasion  when  an  accident  stopped  the  clock,  I 
should  have  expected  to  approach  more  nearly  to  the  value  for  Cottingham, 
0‘50  x 10~4,  a difference  that  would  nearly  reconcile  the  calculation  with 
observation.  On  the  whole,  I conclude  from  these  comparisons  that  the 
theory  developed  in  the  foregoing  pages  shows  itself  sufficient  to  explain 
the  arc  described  by  the  pendulum. 

Coming  now  to  the  question  of  time-keeping,  the  actual  frequency  is  n, 
where  n is  given  by  (166)  of  p.  97,  which  for  brevity  I shall  write  in 
the  form 

n'ln=\+  . . . - T>k/?i  .....  (166) 

The  form  of  D has  been  found  for  each  escapement.  In  general  D is  a 
function  of  a,  the  semi-arc  of  complete  oscillation,  because,  as  a rule,  the 
maintenance  is  applied  at  an  amplitude  of  arc  geometrically  fixed,  and  this 
will  be  a different  portion  of  the  whole  when  the  whole  varies.  The  geo- 
metrical equations  showing  the  relation  are  peculiar  to  each  clock  ; for 
example,  for  the  Synchronome  clock  we  have  D = |tan^<5,  and  with 
sufficient  approximation  la  sin  S = a sin  y,  where  cos3y  = /2a%2/a/;  for  the 
others  the  equations  may  be  written  down  as  required.  In  conjunction 
then  with  equation  (166),  in  order  to  find  the  variations  of  n,  we  must 
consider  the  sources  of  variation  of  a and  also  of  n ; these  are  given  by 
the  equations 

~M(d2  + . . . )n?a?  = W(n/K)  ....  (26) 

A 

and 

(d~  + . . . = g(d  + . . . ) j . . . .(  / ciy 


further,  both  n 2 and  k must  be  regarded  as  variable  with  a in  accordance 
with  equation  (86),  p.  94, 

0 = x"  + [k  + ^A.2a2  + |A.47i2a2]af  + [n-  + f AjO.2  + ^A37i2a2]it'2 . ...  . (86) 

which  includes  circular  error  and  other  corrections  of  like  type.  Hence  we 
have  the  relations  between  the  changes  of  these  quantities 


A n 

n 


— {iV2+iV»2“a} 


Aa 

a 

A n 

n 


AW  n (k\ 
5<Z+21T  2k  W 


A d Aa  f 

hr+Tl 


k dY)  o x 
— a— 7-  + % Aja 

n da 


2 + iV2“-} 


These  are  the  equations  governing  the  variation  of  frequency  to  which 

the  foregoing  theory  leads.  The  term  in  An'  dependent  upon  Ad  may  be 
VOL.  xxxviii.  8 
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called  the  Suspension  Error ; it  would  arise,  for  example,  from  any  shift  in 
the  point  of  suspension  or  from  faulty  correction  for  temperature;  the 
terms  (Aa/a){fA1a2  + . . . } may  be  called  the  Circular  Error,  reserving,  how- 
ever, the  question  whether  they  are  adequately  represented  by  taking 
X1=  — <y,  Ag  = 0 as  is  done  in  the  ordinary  theory  ; the  other  terms 


K 

— • a 

n 


riD 

cla 


Aa 


a 


- I3A 


n 


are  naturally  called  the  Escapement  Error.  We  see,  then,  that  there  are 
five  variables,  An,  Ad,  Aa,  AW,  A(k/u),  and  that  variation  of  rate  cannot  be 
defined  in  terms  of  less  than  three  of  them,  treated  as  independent.  To 
examine  how  far  the  actual  going  of  the  clocks  can  be  shown  to  agree  or 
disagree  with  this  theory  would  require  an  analysis  of  observed  rates,  as 
well  as  specially  directed  experiments  that  do  not  form  a natural  part  of 
the  present  paper.  It  is  reserved  for  a future  study.  I would  mention  in 
conclusion  that  the  Barometric  Error  has,  for  simplicity’s  sake,  not  been 
expressly  referred  to,  but  it  will  appear  in  due  course  as  a natural  extension 
of  the  theory  given. 


( Issued  separately  June  17,  1918.) 
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XII. — The  Sound-Waves  and  other  Air- Waves  of  the  East  London 
Explosion  of  January  19,  1917.  By  Charles  Davison,  Sc.D., 
F.G.S.  Communicated  by  The  General  Secretary. 

(MS.  received  April  29,  1918.  Read  June  3,  1918.) 

The  explosion  which  occurred  in  East  London  at  6.51  p.m.  on  January  19, 
1917,  was  one  of  the  greatest  ever  experienced  in  this  country.  The  site  of 
the  explosion  is  indicated  approximately  by  the  star  in  the  accompanying 
maps.  The  total  amount  of  explosives  lost  is  known,  if  at  all,  only  to  those 
in  authority. 

In  order  to  determine  the  forms  of  the  sound-areas,  I wrote  letters  to 
most  of  the  principal  newspapers  published  in  London  and  within  and  near 
the  districts  concerned,  and  I am  greatly  indebted  to  the  courtesy  of  many 
editors  in  allowing  me  space  for  which  there  were  so  many  important 
claims,  and  also  to  the  numerous  correspondents  who  so  kindly  answered 
my  inquiries.  After  the  boundaries  of  the  sound-areas  had  been  drawn 
from  an  unusually  large  number  of  positive  records,  I wrote  to  the 
incumbents  of  many  parishes  in  small  towns  and  large  villages,  and  to 
superintendents  of  police  within  the  silent  zone  and  just  within  and  for 
some  distance  outside  the  boundaries  of  the  sound-areas  as  I had  drawn 
them.  The  total  number  of  positive  records  is  571  from  391  places,  and  of 
negative  records  75  from  71  places.  In  addition  to  these,  there  are  79 
records  from  71  places  at  which  the  sound  was  apparently  not  observed, 
but  at  which  windows  were  shaken  or  pheasants  disturbed ; making  a total 
of  725  records  from  533  places. 

Form  and  Dimensions  of  the  Sound- Are  a. 

The  form  of  the  sound-area  is  shown  in  tig.  1.  It  consists  of  two 
detached  portions,  the  inner  and  outer  sound-areas,  between  which  lies 
the  silent  zone.  The  places  at  which  the  sound  was  heard  (omitting  many 
of  those  within  the  London  area)  are  indicated  by  dots ; those  at  which  it 
, was  not  heard,  so  far  as  is  known,  by  small  circles.  Places  from  which 
doubtful  records  have  been  received  are  denoted  by  small  crosses.  Within 
the  whole  silent  zone,  as  drawn  in  fig.  1,  there  is  only  one  place  (Ipswich)  at 
which  the  sound  was  heard,  and  even  there,  I believe,  by  but  one  observer; 
and  two  others  (Uppingham  and  Lilford)  at  which  it  may  have  been  heard. 
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Fig.  1 
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The  inner  sonnd-area  is  of  unusual  form.  It  is  distorted  in  two 
directions  so  that  the  area  is  slightly  crescent-shaped.  To  the  east-south- 
east it  extends  as  far  as  Canterbury  (48  miles);  but,  in  this  direction, 
observations  are  rare  and  the  form  of  the  boundary  is  in  consequence 
uncertain.  Towards  the  north-east  and  south  the  area  is  singularly 
restricted,  the  distance  of  the  boundary  from  the  source  being  20  miles  in 
the  former  direction  and  19  in  the  latter.  In  contrast,  the  extension 
of  the  north-westerly  branch  of  the  area  is  all  the  more  remarkable.  It 
runs  up,  through  Hertfordshire  and  Bedfordshire,  into  Northamptonshire, 
ending  in  the  neighbourhood  of  Ecton  and  Wellingborough  at  664  miles 
from  the  source  of  sound.  From  north-west  to  south-east  the  length  of  the 
inner  area  is  111  miles,  its  greatest  width  is  49  miles,  and  the  area  covered 
by  it  is  3390  square  miles. 

The  outer  sound-area  is  of  greater  extent.  Its  length  from  near 
Nottingham  to  the  east  coast  of  Norfolk  is  131  miles,  its  greatest  width  is 
44  miles,  and  the  area  included  5000  square  miles.  It  is  probable  that  the 
portion  of  this  area  which  extends  into  the  sea  beyond  the  coast  of  Norfolk 
is  not  of  great  size,  and  that  the  angle  subtended  by  the  area  at  the  source 
is  about  90°.  The  axis  of  the  area  is  directed  E.  24°  S.  The  most  distant 
places  at  which  the  sound  was  heard  are  Bestwood  (near  Nottingham) 
and  Stow  (near  Lincoln),  which  are  respectively  117  and  128  miles  from 
the  source  of  sound.  The  least  radial  distance  of  the  outer  boundary  is 
107  miles. 

The  width  of  the  silent  zone  varies  from  28  miles  at  its  western  end,  to 
43  miles  near  the  centre  and  48  miles  at  the  eastern  end.  The  distance 
from  the  source  of  the  outer  margin  of  the  silent  zone  varies  from  65  to  95 
miles,  the  average  distance  being  75  miles. 

Isacoustic  Lines. 

It  is  evident  from  the  records  that  the  sound  varied  very  greatly  in 
strength,  especially  in  the  inner  area.  To  determine  the  rate  of  variation, 
I drew  up  the  following  rough  scale  of  sound-intensity,  some  of  the  principal 
terms  employed  in  the  descriptions  being  added : — 

A.  Very  loud  sound. — A terrific  bombardment,  a terrible  explosion, 
louder  than  any  bomb  or  crash  of  thunder. 

B.  Moderately  loud  sound. — A heavy  boom,  a loud  report,  heavy  gun- 
fire, a very  loud  or  heavy  clap  of  thunder. 

C.  Faint  sound . — Distant  guns  booming,  the  distant  roll  of  thunder, 
the  dull  boom  of  a distant  explosion,  a heavy  gust  of  wind,  the  roar 
of  a furnace. 
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Rough  though  the  scale  may  be,  the  results  are  remarkably  concordant ; 
the  places  under  each  degree  of  the  scale  are  closely  grouped  together,  so 
that  the  lines  which  separate  one  group  from  another  may  be  regarded  as 
approximately  lines  of  equal  sound-intensity  or  isacoustic  lines.  These  are 
indicated  by  the  broken  lines  in  fig.  1.  In  each  area  the  boundary  is  an 
isacoustic  line  of  intensity  C ; the  line  of  intensity  B appears  in  both  areas  ; 
that  of  intensity  A in  the  inner  area  alone. 

The  curves  show  very  clearly  how  much  more  rapidly  the  intensity  of 
the  sound  diminished  outwards  in  the  inner  sound-area  than  in  the  outer. 
In  the  inner  area,  the  isacoustic  line  of  intensity  A includes  an  area  of  104 
square  miles,  that  of  intensity  B an  area  of  950  square  miles.  In  the 
outer  area,  the  isacoustic  line  of  intensity  B contains  2740  square  miles, 
which  is  thus  about  three  times  as  great  as  the  corresponding  area  within 
the  other  curve. 

Though  the  places  of  observation  are  less  closely  grouped  outside  than 
within  the  isacoustic  line  of  intensity  B,  it  is  remarkable  how  numerous 
they  are  near  the  lateral  boundary  of  each  area.  There  is  none  of  that 
increasing  rarity  of  observation  which  is  so  marked  a feature  near  the 
boundary  of  the  disturbed  area  of  an  earthquake.  It  would  almost  seem 
as  if  the  sound  failed  to  be  audible  outside  the  lateral  boundaries,  not 
because  it  was  too  faint  to  be  heard,  but  rather  because  sound-rays  were 
practically  absent  beyond  the  limits  of  those  areas.  At  the  ends  of  both 
areas,  however,  the  sound  was  so  weak  that  it  was  only  heard  by  a few 
observers  in  each  case. 

Sporadic  Observations. 

In  all  great  explosions,  records  of  the  sound  come  from  places  isolated 
from  the  well-defined  sound-area  or  areas.  In  the  present  case  the  number 
of  such  places  is  small. 

In  the  silent  zone,  a noise  like  that  of  an  explosion  was  heard  in  the 
highest  part  of  Ipswich  at  about  7 p.m.  Sound  is  also  recorded  at  two 
places  near  the  western  end  of  the  zone.  At  Uppingham  a very  distinct 
rumble,  not  unlike  that  of  a distant  Zeppelin  bomb,  was  heard  at  about 
7.15;  at  Lilford  (near  Oundle)  a boom  was  heard  at  6.40.  These  two 
places,  which  are  indicated  by  small  crosses  in  fig.  1,  lie  in  the  narrowest  and 
highest  portion  of  the  silent  zone.  The  divergence  of  the  estimated  from 
the  correct  times  casts  some  doubt  on  these  two  records,  though  the  differ- 
ence is  well  within  the  error  of  many  household  clocks. 

A few  records  have  also  come  from  places  beyond  the  outer  boundaries 
of  both  sound-areas.  Those  from  Kingsdown  (near  Deal)  and  Reading  are 
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doubtful  owing  to  inconclusive  estimates  of  the  time.  I am  indebted  to 
Sir  Napier  Shaw  for  two  other  distant  records.  At  Milford-on-Sea  in 
Hampshire  (90  miles),  a deep  boom,  apparently  a great  distance  off,  was 
heard  about  7 p.m.  At  a place  ten  miles  south  of  Boulogne  (93  miles),  one 
steady  explosion  that  slightly  shook  the  windows,  and  sounded  like  firing 
out  at  sea,  was  heard  shortly  after  7 p.m.  Through  the  kindness  of 
Mr  Miller  Christy,  I have  also  received  another  record  from  the  north  of 
France,  the  exact  place  and  time  not  being  given.  Two  successive  reports 
sounding  like  very  distant  gun-fire  were  heard  from  over  the  sea.  The 
connection  of  the  sounds  observed  at  these  places  with  the  East  London 
explosion  would  be  interesting  if  it  were  established.  But  it  is  difficult  to 
feel  confidence  in  that  connection,  all  three  places  being  within  the  range  of 
similar  sound-waves  from  other  distant  sources. 

From  the  district  lying  to  the  north  of  the  outer  sound-area  I have  only 
one  record  which  may  refer  to  the  explosion.  At  North  Grimston,  near 
Malton  (about  180  miles  from  the  source),  two  heavy  bangs  in  rapid 
succession  wrnre  heard  between  7.10  and  7.15  p.m.,  and  the  pheasants  in  the 
woods  called  loudly.  Owing  to  the  isolation  of  the  place  from  the  rest  of 
the  sound-area,  it  is  doubtful  whether  the  sound-waves  audible  there 
originated  in  East  London. 

An  observation  of  some  interest  was  made  at  Derby,  which  lies  14  miles 
to  the  west  of  the  outer  sound-area.  The  sound  of  the  explosion  was  heard 
in  this  city  by  telephone  connected  at  the  time  with  London. 

Nature  of  the  Sound. 

The  sound  was  a deep  boom,  not  much  above  the  lower  limit  of  audibility. 
Several  observers  remark  that  it  was  almost  felt  rather  than  heard,  and 
this  even  at  places  so  near  the  origin  as  Billericay  (18  miles),  Chatham 
(22  miles),  and  Hitchin  (34  miles).  As  sometimes  happens  with  the  low 
sound  of  earthquakes,  it  was  heard  by  one  man  who  is  almost  completely 
deaf  to  ordinary  sounds. 

Both  sound-areas  have  frequently  been  visited  by  Zeppelins,  and  the 
sound  of  their  exploding  bombs  is  probably  well  known  to  all  the 
observers.  Their  visits  have  been  of  some  use  in  providing  standards  of 
comparison  as  to  nature  and  intensity,  references  being  frequently  made  to 
the  explosion  of  bombs  at  a distance  of  so  many  miles.  So  close  was  their 
resemblance  at  some  places  that  special  constables  turned  out  and  ordered 
lights  to  be  extinguished.  Several  observers,  however — including  one  who 
has  heard  more  than  500  bombs  explode, — detected  a difference  between 
the  two  sounds,  that  of  the  explosion  being  longer,  heavier  (that  is„ 
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probably  deeper),  more  rumbling  and  less  crashing,  than  that  of  the 
Zeppelin  bomb. 

In  the  inner  sound-area,  the  sound  is  usually  described  as  a roar  or  crash 
or  heavy  thud — such  as  the  report  of  a 6-inch  gun,  very  sharp  and  distinct, 
or  a sudden,  shattering,  thunderous  clap,  very  loud  and  short  without  any 
after-booming,  similar,  I suppose,  to  the  sound  of  thunder  as  heard  by  a 
person  walking  along  a noisy  street.  Of  the  detailed  accounts  (117  in 
number),  reference  is  made  to  the  bursting  of  Zeppelin  bombs  in  34  per 
cent.,  thunder  in  25  per  cent.,  the  firing  of  a heavy  gun  in  24,  and  to 
miscellaneous  sounds  in  17  per  cent.  In  about  10  per  cent,  of  the  records 
the  detonation  was  followed  by  a rumbling  noise,  as,  for  instance,  in 
comparison  to  a sharp  detonation  followed  by  a dull  rumble,  or  a loud 
clap  of  thunder  followed  by  a rumbling  sound.  The  mean  of  58  estimates 
of  the  duration  of  the  sound  is  2*8  seconds,  but  these  estimates  do  not 
include  the  frequent  records  in  which  the  sound  is  merely  described  as 
momentary. 

The  outer  sound-area,  as  will  be  seen  in  the  next  section,  was  a region  of 
double-  or  multiple-reports.  The  detailed  accounts  are  173  in  number,  in 
75  per  cent,  of  which  the  sound  is  compared  to  the  explosion  of  Zeppelin 
bombs,  in  15  per  cent,  to  the  firing  of  heavy  guns,  and  in  10  per  cent, 
to  miscellaneous  sounds.  These  proportions  seem  to  point  to  the  greater 
sharpness  and  brevity  of  the  reports  in  the  outer  as  compared  with  the 
inner  sound-area.  A rumbling  or  rolling  sound  was,  however,  heard  occa- 
sionally, and  almost  equally  by  persons  indoors  or  outside. 

Multiple-Reports. 

Speaking  generally,  the  inner  sound-area  was  a region  of  single-reports, 
and  the  outer  sound-area  one  of  multiple-reports.  From  the  inner  area 
there  are  167  records  of  single-reports  and  11  of  multiple-reports.  From  the 
outer  area  there  are  28  records  of  single-reports,  102  of  double-reports,  74  of 
triple-reports,  and  16  of  quadruple-reports.  Thus  the  percentage  of  single- 
reports from  the  inner  area  is  94,  that  of  multiple-reports  from  the  outer 
area  is  77. 

The  latter  figure  is,  however,  too  small,  for  in  some  cases  the  records 
of  single-reports  in  the  outer  area  are  clearly  due  to  incomplete  observation. 
From  32  places  in  this  area  I have  received  two  or  more  records  with 
regard  to  the  number  of  reports  heard.  Single-reports  were  heard  at  8 
of  these  places,  and  at  every  one  of  them  two  or  more  reports  were  heard  by 
other  observers.  Again,  at  17  other  places  double-reports  were  noticed, 
and  at  9 of  them  triple-  or  quadruple-reports  were  also  observed. 
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It  may  thus  be  concluded  that,  except  perhaps  for  small  terminal  portions, 
the  outer  area  was  a triple-report  area. 

Multiple- Reports  in  the  Inner  Area. — The  11  records  of  multiple- 
reports  in  the  inner  area  may  be  divided  into  two  classes  : — (i)  At  8 places 
within  about  a dozen  miles  of  the  source,  a detonation,  followed  by  one  or 
two  rumblings  or  minor  explosions,  was  heard.  (ii)  At  3 places  near 
the  boundary  of  the  area — Harpenden  (28  miles),  Stevenage  (30  miles), 
and  Horsell  (30  miles) — there  were  two  detonations  in  quick  succession. 
The  minor  sound  or  sounds  of  the  first  class  may  have  been  merely  rather 
prominent  echoes,  but  the  possibility  of  their  pointing  to  secondary  explo- 
sions must  not  be  excluded.  The  sounds  of  the  second  class  are,  I believe, 
true  multiple-reports. 

Multiple- Reports  in  the  Outer  Area. — It  is  evident  that  the  multiple- 
reports  of  the  outer  area  differed  essentially  from  those  heard  over 
most  of  the  inner  area,  for  the  first  pair  of  sounds  were  almost  equally  loud, 
while  the  third  and  fourth  were  much  fainter.  It  may  be  noticed  here  that 
the  number  of  reports  heard  does  not  depend  on  the  position  of  the  observer, 
for  multiple-reports  are  recorded  by  87  per  cent,  of  the  observers  indoors 
who  stated  their  position,  and  by  86  per  cent,  of  those  outside. 

The  map  (fig.  2)  shows  the  places  at  which  single-  or  multiple-reports 
were  heard.  Single-report  places  are  denoted  by  small  circles,  double- 
report places  by  dots,  and  triple-  and  quadruple-report  places  by  crosses, 
the  higher  number  being  adopted  when  the  observations  from  the  same 
place  differ  as  to  the  number  of  reports.  It  will  be  seen  that  double-reports 
were  heard  over  by  far  the  greater  part  of  the  outer  sound-area,  and  triple- 
reports over  a district  but  slightly  less  in  extent.  The  latter  were,  indeed, 
absent  only  from  the  west  end  of  the  outer  area,  where  the  intensity  of 
the  sound  was  much  less  than  elsewhere. 

With  one  exception  (Peasenhall,  near  Saxmundham  in  Suffolk), 
quadruple-reports  were  confined  to  the  county  of  Norfolk.  They  were 
heard  at  11  other  places,  of  which  8 lie  within  about  seven  miles  of 
Norwich.  Quadruple-reports  were  also  observed  at  King’s  Lynn,  East 
Harling  (near  Thetford),  and  Redenhall  (near  Harleston),  which  lie  in 
widely  different  parts  of  the  county. 

It  is  difficult  to  speak  with  certainty  as  to  the  relative  intensity 
of  the  reports.  Some  divergence  of  estimate  is  to  be  expected.  When  four 
reports  were  heard,  however,  there  is  no  doubt  that  the  first  and  second 
were  much  louder  than  the  third  and  fourth,  and  that  the  last  of  all  was 
weaker  than  the  rest.  The  first  pair  were  evidently  nearly  equal  in 
strength,  and  they  must  usually  have  been  the  two  reports  heard  over  most 
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of  the  outer  area.  When  the  sound  is  compared  to  the  explosion  of  two 
Zeppelin  bombs  at  a distance  of  five  miles — and  such  observations  are  by 
no  means  uncommon — they  cannot  have  differed  much  in  loudness.  If 
anything,  the  first  may  have  been  the  stronger,  for  this  order  is  given  in  ten 
records  out  of  twelve  of  the  double-sound.  But  here,  again,  comes  in 
the  uncertainty  whether  the  first  pair  of  reports  were  not  grouped  together 
in  the  observers’  minds  as  one.  On  the  whole,  I incline  to  the  opinion  that 
each  report  was  weaker  than  the  preceding,  but  that  the  difference  in 
strength  between  the  first  and  second  and  between  the  third  and  fourth 
was  but  small. 

It  is  clear,  from  the  evidence,  that  the  intervals  between  the  reports 
were  very  short.  In  all  parts  of  the  outer  area  the  first  pair  occurred  in 
quick  succession.  The  interval  between  the  reports  was  probably  about 
half  a second.  In  not  a few  cases  the  second  occurred  before  the  first  had 
ended,  and  this  accounts,  I think,  for  the  records  of  single  sounds.  Between 
the  second  and  third  the  interval  was  slightly  longer,  about  one  second ; 
while  that  between  the  third  and  fourth  was  again  a fraction  of  a 
second.  The  three  or  four  reports  were  thus  grouped  within  an  interval  of 
two  or  three  seconds. 

It  is  possible,  as  already  mentioned,  that  the  initial  impulse  was  neither 
single  nor  instantaneous ; but  it  is  certain  that,  if  so,  one  of  the  explosions 
was  far  stronger  than  the  others.  The  first  and  second  reports  heard  in  the 
outer  area,  being  nearly  equal  in  strength,  must  clearly  have  resulted 
from  the  sound-waves  of  the  main  explosion  travelling  by  different  paths. 
It  is,  of  course,  possible  that  the  third  and  fourth  resulted  in  like  manner 
from  a minor  explosion  quickly  following  the  main  one,  but  the  evidence  is 
insufficient  to  prove  or  disprove  this  explanation. 

Inaudible  Am- Waves. 

On  the  accompanying  map  (fig.  3),  the  places  at  which  windows 
rattled  are  indicated  by  crosses ; and  those  at  which  pheasants  were 
disturbed,  by  dots.  It  will  be  seen  that  the  dots  predominate  in  the 
outer  sound-area,  which  is  a well-known  pheasant-preserving  country. 
In  the  inner  area  the  records  refer  as  a rule  to  the  rattling  of  windows. 

The  Shaking  of  Windows. — In  some  parts  of  the  sound-areas,  and 
especially  in  the  western  portion  of  the  inner  area,  there  was  little  if 
any  wind  at  the  time  of  the  explosion.  At  many  places  in  this  district 
it  was  noticed  that  windows  suddenly  rattled  with  some  violence,  and 
then,  after  a few  seconds,  returned  to  rest.  In  some  cases  the  shaking  was 
repeated  after  a second  or  two.  Thus,  in  the  inner  area,  windows  rattled 
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twice  at  Gravesend  and  Dorking ; and,  in  the  outer  area,  twice  at  Boston, 
Swineshead  (Boston),  Arminghall  (Norwich),  Hempstead  (Holt),  Ludham, 
and  King’s  Lynn ; two  or  three  times  at  Little  Ponton  (Grantham) ; and 
three  times  at  Norwich,  Great  Yarmouth,  and  Lowestoft. 

Now,  the  sound- vibrations  alone,  acting  on  so  large  a surface,  are 
probably  capable  of  shaking  loosely  fitting  windows,  and  it  does  not  follow 
that  every  such  shaking  should  be  attributed  to  inaudible  air-waves,  unless 
it  occurred  before  or  after  the  instant  at  which  the  sound  was  heard 
or  between  or  beyond  the  two  sound-areas. 

In  the  inner  area,  windows  rattled  after  the  sound  was  heard  at  Pimlico 
(London),  Barnes  (12  miles),  and  East  Acton  (13  miles) ; and  before  at  Luton 
(32J  miles).  Doors  were  shaken  before  the  arrival  of  the  sound-waves 
at  Harpenden  (28  miles).  At  Upper  Norwood  (11J  miles)  a window  was 
blown  outwards  before  the  roar  of  the  explosion  was  heard.  In  the  outer 
area,  windows  were  shaken  before  the  sound-waves  arrived  at  Great 
Ponton  (Grantham,  99f  miles)  and  Halton  Holgate  (Spilsby,  115  miles). 
The  evidence  on  this  point  is  unfortunately  scanty.  So  far  as  it  goes, 
it  would  seem  to  show  that,  so  long  as  the  inaudible  waves  and  the 
sound-waves  travelled  together  near  the  ground,  the  latter  slightly  outran 
the  former ; but  that,  at  considerable  distances,  the  mean  horizontal  velocity 
of  the  air- waves  was  slightly  greater  than  that  of  the  sound-waves. 

Disturbance  of  Pheasants. — Pheasants  are  often  disturbed  by  gun-firing 
or  explosions  when  the  sound  is  inaudible  to  man,  and  this  is  usually 
attributed  to  their  keener  powers  of  hearing  low  sounds.  But,  if  we  may 
judge  from  their  behaviour  during  earthquakes,  their  powers  in  this  respect 
are  inferior  to  those  of  human  beings,  if,  indeed,  they  are  capable  of  hearing 
at  all  the  sound  of  a great  explosion.  It  is  more  probable  that  pheasants 
are  alarmed  by  the  sudden  quivering  of  the  trees  on  which  they  happen  to 
be  resting. 

As  will  be  seen  from  fig.  3,  pheasants  were  disturbed  during  the 
recent  explosion  over  a district  which  includes  not  only  the  two  sound - 
areas,  but  also  the  whole  or  a large  part  of  the  silent  zone,  and  extends 
some  distance  beyond  the  farthest  limits  of  the  sound-areas.  I have 
received  altogether  records  from  153  places,  of  which  116  are  in  the  outer 
sound-area  (63  in  the  county  of  Norfolk  alone),  18  in  the  inner  sound-area5 
while  19  lie  in  the  regions  between  or  beyond  them. 

The  behaviour  of  the  pheasants  was  similar  to  that  which  they 
show  when  disturbed  by  thunder  or  heavy  gun-firing  or  the  explosion  of 
Zeppelin  bombs.  The  birds  flew  suddenly  down  from  the  trees  on  which 
they  were  roosting,  or  fluttered  clumsily  and  restlessly  from  one  tree 
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or  branch  to  another.  Cock-birds  crowed  or  screeched — so  noisily  that 
their  voices  could  be  heard  to  a distance  of  a mile,  and  in  one  case 
of  1|  miles. 

The  most  interesting  observations  are  those  which  refer  to  the  time- 
relations  of  the  beginning  of  the  pheasant-crowing  and  the  arrival  of 
the  sound-waves.  In  the  inner  area,  pheasants  were  disturbed  immediately 
after  the  sound  was  heard  at  Mountnessing  near  Brentwood  (18  miles), 
Stevenage  (30  miles),  and  Bradenham  near  High  Wycombe  (37  J miles)  ; and 
before  at  Woodhall  Park  near  Hertford  (24  miles).  In  the  outer  area, 
the  birds  were  disturbed  before  the  reports  were  heard  in  19  places,  and 
after  in  2,  namely,  Hunstanton  and  South  Walsham  (near  Norwich),  in 
or  near  both  of  which  places  the  disturbance  was  also  noticed  before  the 
sounds.  The  evidence  from  the  inner  area  is  thus  not  altogether  in 
agreement  with  that  of  shaken  windows,  but  the  latter  would  be  observed 
with  the  greater  precision.  There  can  be  little  doubt,  I think,  that  the 
sound-waves  preceded  the  air- waves  within  a few  miles  of  the  source,  but 
that,  near  the  boundary  of  the  inner  area  and  all  over  the  outer  area,  the 
air-waves  preceded  the  sound-waves. 

Miscellaneous  Evidence. — Other  evidence  of  the  passage  of  the  air- waves 
may  be  worth  recording.  At  Turnham  Green  (13J  miles)  a lady,  who  was 
out-of-doors,  held  a powder-box  open  in  her  hand.  Though  the  air  was  still, 
a little  puff  of  powder  rose  from  the  box  long  enough  before  the  report 
arrived  for  her  to  feel  surprise.  Blinds  or  curtains  were  driven  inwards, 
several  inches  as  a rule,  at  New  Southgate  (7  miles),  Enfield  (11|  miles), 
Wimbledon  (13  miles),  North  Cheam  (14  miles),  Twickenham  (17J  miles),  and 
Sunninghill  (21 1 miles).  Observers  in  the  open  air  noticed  the  swishing  of 
tree-tops  at  Windsor  (28  miles)  and  Ascot  (31|  miles),  both  places  being 
close  to  the  western  boundary  of  the  inner  sound-area.  At  Windsor,  it 
should  be  mentioned,  the  movement  of  the  trees  is  said  to  have  occurred  after 
the  sound  was  heard.  At  Aylsliam  in  Norfolk  (103  miles)  a somewhat 
similar  observation  was  made ; but  the  wind  was  strong  at  the  time  in  the 
eastern  part  of  the  county,  and  I do  not  feel  confident  that  the  movement 
was  due  to  the  inaudible  air- waves. 

Air-Waves  in  the  Silent  Zone. — As  shown  in  fig.  3,  there  are  16  places 
in  the  silent  zone  (including  Ipswich)  at  which  windows  were  shaken  or 
pheasants  disturbed.  Windows  were  shaken  at  Biggleswade,  Chatteris 
(Cambridgeshire),  Bury  St  Edmunds,  Ufford  (near  Ipswich),  Ipswich,  and 
Chelmsford,  and  were  shaken  violently,  though  there  was  no  wind  at  the 
time,  at  Thrapston  and  Dunton  (near  Biggleswade).  Pheasants  crowed  or 
screeched  at  Groby  (near  Leicester),  Uppingham,  Stamford,  Holme  (near 
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Peterborough),  Kimbolton  (near  Huntingdon),  Bottisham  (near  Cambridge), 
Fornham  St  Martins  (near  Bury  St  Edmunds),  and  Little  Bardfield  (near 
Braintree).  It  is  important  to  notice  that  nine  of  these  places  (namely, 
Thrapston,  Biggleswade,  Dunton,  Chatteris,  Groby,  Uppingham,  Stamford, 
Holme,  and  Kimbolton)  are  in  the  narrow  and  lofty  portion  at  the  west  end 
of  the  silent  zone. 

Air-Waves  beyond  the  Sound- Areas. — Windows  were  shaken  at  three 
places  outside  the  inner  sound-area,  namely,  Frith  Hill  near  Godalming 
(36  miles)  violently,  Cowley  St  John  near  Oxford  (56  J miles)  twice,  and 
Eynsham  near  Oxford  (64  miles).  Pheasants  were  alarmed  in  the  usual 
way  at  Swyncombe  near  Henley-on-Thames  (45  miles),  Bradfield  (51  miles), 
West  Woodhay  near  Newbury  (63  miles);  and  there  is  no  reason,  I think, 
for  doubting  that  they  were  also  disturbed  at  Nursling  near  Southampton 
(77  miles)  and  Alderbury  near  Salisbury  (84  miles).  Beyond  the  northern 
boundary  of  the  outer  area,  pheasants  are  said  to  have  screamed  shortly 
after  7 p.m.  at  Bishop  Burton  near  Beverley  (about  165  miles),  North 
Grimston  near  Malton  (about  180  miles),  and  Thirsk  (about  200  miles).  I 
know  of  no  reason  for  rejecting  these  records  except  the  great  distances 
to  which  the  air-waves  must  have  travelled. 

Paths  of  the  Sound-Waves  and  Inaudible  Air- Waves. 

Direction  of  the  Wind. — I am  indebted  to  Sir  Napier  Shaw  for  kindly 
giving  me  the  following  information  : — 

“ The  wind  at  Kew  Observatory  at  7 p.m.  was  blowing  from  the  N.E.  at 
4'6  metres  per  second. 

“ The  pressure  distribution  had  been  changing  very  slowly  during  the 
preceding  twenty-four  hours.  An  anticyclone  centred  over  Sweden  and  a 
cyclone  over  Corsica  dominated  the  map,  so  that  over  S.E.  England  the 
general  flow  of  air  within  a few  thousand  feet  of  the  surface  must  have 
been  from  the  East.  The  surface  winds  tending  outwards  from  the  high- 
pressure  region  had  a northerly  component.  The  weather  having  been 
consistently  overcast,  there  were  no  pilot-balloon  ascents  reaching  a greater 
height  than  two  or  three  thousand  feet  on  the  18th,  19th,  or  20th,  so  that 
the  available  records  only  refer  to  the  Easterly  current. 

“The  telegraphic  reports  show  that  the  sky  was  overcast  at  18h.  (6  p.m.) 
over  the  whole  of  England,  the  only  exception  being  Dungeness,  where  ‘ Sky 
three-quarters  covered  ’ was  telegraphed.  The  direction  of  motion  of  the 
upper  clouds  could  not  be  observed  at  18h.  or  21h.  at  most  telegraphic 
stations,  but  the  following  entries  occur : — 
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“ Clacton  : E.  at  18h.  and  21h. 

Nottingham : N.E.  at  18h.  and  21h. 

Dungeness  : N.E.  at  21h. 

Dover : S.E.  at  18h. 

Holyhead  : S.  at  18h. 

Pembroke  : E.  at  18h. 

The  term  ‘ upper  cloud  ’ is  rather  vague,  and  there  is  no  reason  to  suppose 
that  the  clouds  referred  to  on  this  date  were  at  any  considerable  height. 
The  motion  is  that  of  the  lower  cloud  sheet. 

“ The  possibility  of  deducing  the  pressure  distribution  and  wind  currents 
at  two  or  three  kilometres  above  ground  from  the  surface  pressures  and 
temperatures  shown  on  the  18h.  working  chart  has  been  considered.  In 
view,  however,  of  the  high  probability  of  inversions  of  temperature  over 
the  cold  continental  area,  there  is  no  satisfactory  way  of  estimating  the 
average  temperature  gradient.  In  all  probability  the  Easterly  current  was 
of  limited  extent,  but  there  seems  to  be  no  way  of  judging  the  height  of  its 
upper  boundary.” 

From  the  observations  of  my  correspondents,  it  would  seem  that  over 
most  of  the  inner  sound-area  there  was  little  or  no  wind.  The  only  record 
which  I have  received  is  one  of  north-east  at  Croydon.  In  the  outer  sound- 
area  the  same  stillness  characterised  the  neighbourhoods  of  Grantham, 
Hunstanton,  and  Wells.  In  other  parts  of  Norfolk,  and  near  Beccles  in 
Suffolk,  however,  the  wind  was  fairly  strong,  and  as  a rule  from  between 
east  and  north-east. 

I have  given  these  details  though,  in  the  absence  of  observations  at  a 
considerable  altitude,  they  appear  to  throw  but  little  light  on  the  forms  and 
directions  of  the  sound-areas.  While  they  may  account  for  the  limitation 
of  the  inner  area  towards  the  north-east,  they  furnish  no  explanation  of  the 
limitation  of  that  area  towards  the  south  or  of  the  existence  of  the  outer 
sound-area.  In  considering  the  paths  followed  by  the  sound-waves  and 
air- waves,  we  must  rely  on  observations  made  on  the  surface  of  the  ground. 

Paths  followed  by  the  Sound-Waves  and  Air-Waves. — The  existence 
of  the  silent  zone  implies  that  the  sound-waves  took  an  upward  course 
while  travelling  across  it ; and  the  prevalence  of  a contrary  wind,  the 
velocity  of  which  increased  with  the  height  above  the  ground,  would  be 
sufficient  to  cause  the  waves  to  leave  the  surface  of  the  ground.  That 
they  began  to  rise  in  their  progress  outwards  over  the  inner  sound-area  is 
shown  by  the  rapid  decline  in  the  intensity  of  the  sound  within  that 
area.  The  intensity  of  the  inaudible  air-waves  declined  less  rapidly 
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than  that  of  the  sound  waves,  and  this  suggests  that  they  travelled  along 
a less  elevated  path. 

The  relative  horizontal  velocity  of  the  sound-waves  and  air- waves  offers 
further  evidence  on  this  point.  Within  a few  miles  of  the  source  of  sound 
the  sound-waves  outran  the  others,  both  then  travelling  near  the  surface  of 
the  ground.  As  they  approached  the  boundary  of  the  inner  area,  this  order 
was  generally  reversed,  though  the  evidence  is  somewhat  conflicting,  and 
the  reversal  was  maintained  all  over  the  outer  area.  The  earlier  arrival  of 
the  air- waves  at  some  distance  from  the  source  is  probably  due  to  the 
sound-waves  following  a higher  and  colder  route. 

At  the  narrow  western  end  of  the  silent  zone  there  are  two  places 
(Uppingham  and  Lilford)  at  which  the  sound  may  have  been  heard. 
In  this  region,  also,  are  concentrated  9 out  of  16  observations  on  the 
shaking  of  windows  and  the  disturbance  of  pheasants  in  the  silent  zone.  If 
both  sound-waves  and  air-waves  travelled  at  a low  altitude  over  this  zone, 
but  the  air- waves  at  a less  height  than  the  sound-waves,  these  observations 
would  be  explained  by  the  diffraction  of  those  portions  of  the  waves  which 
were  nearest  the  ground. 

The  time-observations  as  a rule  are  given  too  roughly  to  be  of  much 
service  in  determining  the  velocity  of  the  sound-waves.  The  best  estimates 
of  the  time  to  the  nearest  minute  are  6.51  p.m.  at  the  Royal  Observatory, 
Greenwich  (for  which  I am  indebted  to  the  courtesy  of  the  Astronomer- 
Royal),  6.59J  at  Little  Bytham  (near  Grantham),  and  7.0  at  Spalding  and 
Swineshead  (near  Boston).  The  times  at  Little  Bytham  and  Spalding  were 
given  by  signalmen  on  duty ; that  at  Swineshead  by  the  stationmaster, 
who  was  on  the  railway  platform.  The  distances  of  these  places  from  the 
source  of  sound  being  respectively  89,  89,  and  100  miles,  it  follows  that, 
taking  the  above  times  as  exact,  the  mean  velocities  to  the  three  places 
would  be  921,  870,  and  978  feet  per  second.  Thus,  allowing  for  some 
inaccuracy  in  the  time-records,  it  would  seem  that  the  mean  horizontal 
velocity  of  the  sound-waves  was  less  than  its  normal  value  for  the 
temperature  then  prevailing  on  the  ground. 

I conclude,  then,  (i)  that  both  sound-waves  and  inaudible  air-waves 
crossed  the  silent  zone  along  paths  at  no  great  height  above  the  ground  ; 
(ii)  that  the  path  of  the  air-waves  lay  at  a less  height  than  the  path  of  the 
sound-waves ; (iii)  that  the  paths  of  both  waves  crossed  the  narrow  western 
end  of  the  silent  zone  at  lower  altitudes  than  elsewhere  ; and  (iv)  that  the 
observation  of  the  inaudible  air- waves  beyond  the  limits  of  the  sound-areas 
was  due  to  the  low  and  more  nearly  horizontal  path  by  which  they  travelled. 
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XIII.  — Phycomycetous  Fungi  from  the  English  Lower  Coal 
Measures.  By  David  Ellis,  Ph.D.,  D.Sc.  (With  One  Plate  and 
Eight  Text-Figures.) 

(Read  May  7,  1917.  Final  MS.  received  February  20,  1918.) 

In  Meschinelli’s  Iconograpliia  (5)  mention  is  made,  and  a short  description 
given,  of  eleven  species  of  fossil  Phycomycetous  fungi.  Since  the  publica- 
tion of  this  book,  additions  to  the  list  have  been  made  by  Oliver  (7),  Weiss 
(12),  Magnus  (4),  and  the  present  writer  (3).  Altogether,  therefore,  fifteen 
species  have  been  described  which  could  definitely  be  assigned  to  the 
Phycomycetes.  With  such  small  data  at  our  disposal  it  is  evident  that 
the  time  is  not  yet  ripe  for  the  framing  of  general  propositions  regarding 
the  history  of  the  Phycomycetes  in  past  ages,  and  more  especially  as  the 
information  that  we  possess  concerning  several  of  these  fifteen  species 
is  very  meagre. 

The  present  paper  gives  the  results  of  a systematic  search  in  the  Lower 
Coal  Measures  for  fossilised  fungi.  In  the  fossilised  vegetable  debris  of 
this  horizon  it  is  not  unusual  to  meet  with  fragments  of  fungal  threads 
when  these  are  especially  sought  for;  it  was  only  when  the  remains  of 
the  hyphse  and  attached  structures  emerged  from  the  rest  with  specific 
clearness  that  they  were  studied  in  detail.  In  the  following  pages  two 
fungi  are  described  which  can  indubitably  be  placed  in  the  Phycomycetes. 
The  majority  of  the  thirty  slides  subjected  to  examination  were  prepared 
from  coal  petrifactions  from  the  Upper  Foot  Mine,  Shore,  Littleborough. 
This  mine  is  in  the  Lower  Coal  Measures,  Littleborough  being  situated 
fourteen  miles  E.  of  Manchester,  on  the  border  of  Lancashire  and  York- 
shire. The  same  seam  of  coal  is  worked  at  Dulesgate,  Todmorden, 
Lancashire.  One  of  the  fungi  ( Peronosporites  gracilis ) was  found  in 
petrifactions  both  from  Shore  and  from  Dulesgate.  Specimens  from 
Altofts,  Normanton,  Yorkshire  (Middle  Coal  Measures),  and  from  Deighton, 
near  Huddersfield,  Yorkshire  (Halifax  Hard  Bed),  did  not  yield  any  positive 
results  beyond  the  finding  of  a few  fungal  fragments. 

For  purposes  of  comparison,  the  Williamson  slides  of  Peronosporites 
antiquarius  at  the  British  Museum  have  been  examined,  thanks  to  the 
courtesy  of  the  Keeper  of  Geology,  Dr  A.  Smith  Woodward ; and  through 
the  kindness  of  Prof.  I.  Bayley  Balfour,  the  writer  has  been  able  to  examine 
the  Cash  and  Hick  slides  at  the  Edinburgh  Botanic  Museum.  Thanks  are 
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also  due  to  Mr  James  Lomax  for  supplying  information  regarding  the 
origin  and  nature  of  the  slides  which  have  been  submitted  to  examination. 


Peronosporites  gracilis  (Renault)  Ellis. 

Syn. : Palceomyces  gracilis  (Renault). 

Palceomycites  gracilis  (Meschinelli). 

B.  Renault,  Etudes  des  gttes  mineraux  de  la  France : Bassin  houiller  et 
permien  d’Autun  et  d’Epinac , fasc.  iv,  “Flora  fossile,”  Paris,  1896. 

Meschinelli,  Fungorum  fossitium  omnium  hucusque  cognitorum  Icono - 
graphia,  1902. 

This  fossil  fungus  is  very  widely  distributed  in  the  Lower  Coal  Measures  ; 
it  was  first  recorded  by  Renault,  who  found  it  in  a Lepidodendroid  stem 
from  the  French  Carboniferous  Rocks  (8).  As  Renault’s  work  was  not 
available,  information  concerning  the  salient  features  of  the  organism  was 
obtained  from  Meschinelli’s  excellent  synopsis  (5,  p.  9,  tab.  v,  fig.  14 ; tab. 
vi,  fig.  1).  This  writer,  having  regard  to  the  convention  adopted  in 
naming  fossil  genera,  has  changed  the  name  to  Palceomy cites  gracilis. 
As  is  shown  below,  the  affinity  to  the  genus  Peronosporites  is  so  close  that 
it  becomes  necessary  to  incorporate  Renault’s  organism  in  that  genus.  It 
is  therefore  proposed  to  rename  this  species  Peronosporites  gracilis ; this 
will  result  in  two  species  being  included  in  the  genus  Peronosporites, 
namely,  P.  gracilis  and  P.  antiquarius.  The  probable  close  relationship  of 
these  two  fossils  has  already  been  commented  upon  by  Seward  with 
the  remark  that  " the  two  fossils  should  probably  be  placed  in  the 
same  genus.” 

The  best  examples  of  Peronosporites  gracilis  were  obtained  from  a 
specimen  containing  a tangential  longitudinal  section  of  a stem  of  Lepi- 
dodendron  aculeatum  about  2J  cms.  in  diameter.  The  section  had  not 
uncovered  the  stele.  The  cortex  is  divisible  into  two  zones — an  outer, 
with  thick-walled  cells ; and  an  inner,  consisting  of  soft  parenchymatous 
cells.  The  external  surface  is  covered  by  the  crowded  bases  of  the  leaves. 
In  the  basal  part  of  the  stem  a number  of  Stigmarian  rootlets  are  shown  in 
transverse  section.  The  specimen  was  derived  from  the  Upper  Foot  Mine. 
The  fossil  was  also  found  in  another  specimen  from  the  same  locality,  in 
this  case  a young  stem  of  Lepidodendron  Harcourtii  of  approximately  34 
cms.  diameter.  Finally,  it  appeared  in  a small  secondary  root  of  Kaloxylon 
Hookeri  (the  root  of  Lyginodendron  Oldhamium ) which  was  found  in  a 
petrifaction  from  Dulesgate,  near  Todmorden.  It  has  already  been  stated 
that  the  coal  worked  at  Dulesgate  and  at  Shore  belong  to  the  same  seam. 
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Proofs  of  the  Fungal  Nature  of  the  Threads. 

1.  In  size  and  form  they  resemble  modern  hyphae. 

2.  They  exhibit  a sinuousness  characteristic  of  modern  hyphae. 

3.  They  branch  monopod ially. 

4.  Attached  to  them  are  spherical  dilatations  similar  to  those  found  in 
organic  connection  with  the  hyphae  of  modern  fungi. 

5.  Their  structure  is  tubular. 

6.  They  show  selective  power,  some  tissues  of  the  host  being  devoid  of 
the  threads,  whilst  others  possess  them  in  abundance. 

7.  They  are  found  in  places  where  fungi,  if  fossilised,  would  be 
expected  to  occur. 

Habit. 

In  the  first  of  the  three  slides  the  hyphae  and  attached  vesicles  are 
mainly  confined  to  the  sclerotic  portion  of  the  cortical  cells,  the  leaf-bases 
and  the  Stigmarian  rootlets  being  free  of  the  fungus.  In  the  second  slide, 
showing  a young  shoot  of  Lepidodendron  Harcourtii  in  transverse  section, 
the  hyphal  threads  are  abundant  in  the  cortical  cells  but  absent  from  the 
stelar  tissue. 

In  the  third  slide  the  hyphae  occur  abundantly  in  the  cortex  of  a 
rootlet  of  Lyginodendron  Oldhamium  ( Kaloxylon  Hookeri),  but  also  they 
are  not  wanting  in  the  stele,  in  which  both  hyphae  and  vesicles  were  found. 
Renault  states  that  the  fossil  was  found  by  him  in  the  cortical  cells  of 
Lepidodendroid  plants.  It  seems  therefore  that  the  habitat  lay  chiefly  in 
the  cortical  cells  of  the  stems  and  roots  of  various  plants,  but  that  in  the 
case  of  young  plants  the  stelar  cells  were  also  affected. 

The  cell-walls  of  the  host  were,  to  all  appearance,  very  little  affected  by 
the  inroads  of  the  fungus,  differing  in  this  respect  very  markedly  from  the 
cell-walls  of  the  tissues  that  had  been  attacked  by  the  fungus  described  by 
Cash  and  Hick  (1).  In  the  latter  case  the  fungus  was  indubitably  a 
saprophyte,  for  the  number  of  hyphae  in  the  host-cells  is  so  great  that  it 
seems  a physiological  impossibility  that  a living  organism  could  support 
so  many.  The  presence  of  hyphae  in  a host  with  more  or  less  intact  cell- 
walls  is  presumptive  though  not  conclusive  evidence  of  the  parasitic 
nature  of  the  invading  organism.  The  inference,  moreover,  is  strengthened 
by  the  fact  that  all  the  modern  fungi  to  which  this  fossil  fungus  is  related — 
viz.  the  Peronosporaceae — are,  without  exception,  parasitic  on  their  hosts. 

Peronosporites  gracilis  was,  further,  endophytic  in  habit,  its  whole  life 
having  been  passed,  so  far  as  can  be  ascertained,  inside  the  host.  The 
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hyphse  are  found  within  the  cells  of  the  host,  the  fungus  having  been 
intra-  rather  than  inter-cellular  in  its  mode  of  growth. 

Mycelium. 

In  the  majority  of  cells  the  hyphse  are  preserved  in  fragments  only 
(Plate,  fig.  1),  but,  in  some  cases,  single  threads  can  be  followed  in  their 
passage  through  several  cells  (Plate,  fig.  2).  The  hyphse  vary  in  thickness 


from  2/x  to  4/x.  Individual  threads  do  not  show  any  marked  variations  in 
thickness.  Some  of  them  are  presented  “ end  on  ” to  the  eye  : such  exhibit 
a tubular  structure,  and  in  them  also  the  delicate  membrane  can  be  seen 
to  advantage.  The  threads  branch  monopodially,  the  branches,  sparingly 
formed,  being  of  the  same  thickness  as  the  parent  hyphse.  Renault  (8) 
ascribes  a dichotomous  branching  to  this  fungus,  but  in  his  figures 
(Meschinelli,  tab.  v,  fig.  14 ; tab.  vi,  fig.  1)  monopodial  branching  is  indicated. 
A few  of  the  hyphse  with  vesicles  in  attachment,  found  in  the  reticulate 
tracheides  of  a young  stem  of  Lyginodendron  Oldhamium,  are  shown  in 
text-fig.  1.  Under  high  magnification  inside  the  threads  are  seen  small, 
ill-defined,  irregular  lighter  areas,  set  in  a groundwork  of  a deeper  brown 
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tint.  This  cannot  be  regarded  as  having  been  caused  by  a differentiation 
in  the  contents  of  the  threads.  In  some  cases  a false  impression  of  a 
transverse  septum  is  given  when  two  adjoining  lighter  areas  occupy  the 
whole  breadth  of  the  thread,  leaving  between  them  a thin  transverse  line 
of  a deeper  brown  tint.  The  same  false  appearance  of  transverse  septa  is 
more  strikingly  shown  in  threads  of  Peronosporites  antiquarius,  and  they 
were  described  as  such  by  Worthington  Smith  (11).  In  the  case  of  P. 
antiquarius  the  absence  of  real  transverse  walls  has  already  been  noted 
by  Williamson  (13)  and  by  Murray  (6).  It  is  impossible  to  resist  the  con- 
clusion that  the  same  mistake  was  made  by  Renault  (see  Meschinelli,  p.  9) 
in  his  description  of  the  hyphse  of  P.  gracilis.  In  one  of  his  two  figures 
(see  Meschinelli,  tab.  v,  fig.  14)  not  a single  transverse  septum  is  shown. 
Again,  in  no  single  case  do  the  threads  show  external  constrictions — in 
marked  contrast  to  the  threads  of  the  fungus  examined  by  Cash  and 
Hick,  which  show  abundant  transverse  septa  with  marked  constrictions 
of  the  threads  at  the  points  of  septation. 

Terminal  and  Intercalary  Dilatations. 

I.  Intercalary  Globular  Dilatations  (Plate,  fig.  3). 

This  type  is  well  shown  in  Plate,  fig.  3,  taken  from  the  cortex  of  a stem 
of  Lyginodendron  Oldhamium  (from  Upper  Foot  Mine:  Lower  Coal 
Measures).  A comparison  of  these  swellings  with  those  figured  by 
Williamson  (13,  figs.  28,  36)  for  P.  antiquarius  shows  that  both  belong  to 
the  same  type,  although  naturally  there  is  a marked  difference  in  size — 
those  of  P.  antiquarius  measuring  about  40 ju,  whilst  the  largest  shown  in 
Plate,  fig.  3,  measures  only  17/x.  A detailed  examination  of  these  bodies  was 
made  on  the  larger  representatives  of  P.  antiquarius,  these  being  very 
well  preserved  in  the  British  Museum  slides  of  that  organism.  Each 
globule  is  connected  by  an  extremely  short  hypha  with  one,  or  sometimes 
two,  or  even  three  other  globules.  Their  method  of  attachment  is  shown 
diagrammatically  in  text-fig.  2.  The  vesicle  a is  connected  by  short 
hypliae  with  three  others.  As  seen  in  the  diagram,  this  can  be  explained 
only  on  the  assumption  that  the  vesicle  marked  a had  arisen  at  the  junction 
of  a branch  with  the  main  thread.  A vesicle  connected  with  only  two 
others  must  have  arisen  along  the  length  of  the  hypha.  Each  vesicle  is  in 
open  communication  with  the  attached  hyphse.  In  P.  gracilis  the  same 
facts  may  be  noted  with  regard  to  these  bodies,  but,  owing  to  their  packed 
arrangement  and  smaller  size,  observation  is  more  difficult. 

These  bodies  are  referred  to  as  oogonia  both  by  Worthington  Smith  (11) 
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and  by  Williamson  (13)  without  any  explanation  being  advanced  for  their 
use  of  the  term.  Previous  to  this,  Cash  and  Hick  (1)  had  indicated  that 
the  globules  found  by  them  in  attachment  to  the  hyphse  of  their  fungus 
were  probably  oogonia,  and  in  all  probability  they  were  correct,  but  the 
structures  at  present  under  consideration  are  widely  different.  It  is  not 
correct  to  assign  the  term  “ oogonia  ” to  globular  expansions,  each  of  which 
occurs  in  close  proximity  and  attachment  to  two  or  three  others  of  the 
same  kind,  each  devoid  of  a partition- wall  separating  it  from  the  supporting 
hypha,  and  each  possessed  of  a membrane  indistinguishable  from  the 


membrane  of  the  vegetative  hyphse.  They  may  be  regarded  either  as 
intercalary  sporangia,  such  as  are  found,  for  example,  among  the  Chytri- 
dinese  in  Physoderma,  or  they  may  be  structures  formed ' by  the  fungus  to 
take  fullest  advantage  of  favourable  metabolic  conditions.  The  formation 
of  intercalary  sporangia  is  a frequent  phenomenon  among  modern  fungi, 
and  the  regularity  in  the  shape  and  the  uniformity  in  the  size  of  these 
bodies  on  the  whole  favours  this  interpretation  of  their  nature. 

II.  Terminal  and  Solitary  Vesicles  (Plate,  fig.  2). 

In  Plate,  fig.  2 is  shown  a markedly  different  type  of  structure,  examples 
of  which  were  found  in  a tangential  longitudinal  section  of  the  cortex  of 
Lepidodendron  aculeatum  (Upper  Foot  Mine  : Lower  Coal  Measures).  Its 
characteristics  are  the  following : — 
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1.  It  is  invariably  terminal,  being  normally  found  at  the  end  of  a very 

short  branch. 

2.  It  is  more  robust  than  the  preceding  and  has  thicker  walls  (Plate, 

fig.  2 ; Plate,  fig.  4). 

3.  It  is  invariably  solitary. 

The  size  varies  from  30/*  to  45/*  (text-fig.  3 c) ; the  wall  appears  to  con- 
sist of  two  layers,  but  it  was  not  found  possible  to  establish  this  fact  with 
certainty.  In  the  matured  form  the  wall  is  invariably  ruptured  (Plate,  fig.  4), 
the  cleft  being  typically  roughly  quadrangular  in  form  and  situated  opposite 


Fig.  3. 


to  the  point  of  attachment  of  the  vesicle  to  the  stalk.  Another  example  is 
shown  in  text-fig.  3.  Among  modern  Phycomycetes  this  type  is  common ; 
we  find  it  in  the  swarm-sporangia  of  Peronospora  and  Phytophthora  among 
the  Peronosporacese,  and  in  Py  thium  among  the  Saprolegniacese.  There  can 
be  little  doubt  that  the  fossilised  spheres  are  the  remains  of  swarm-sporangia 
of  P.  gracilis.  Whilst  other  explanations  are  not  precluded,  the  uniformity 
in  the  size,  shape,  and  position  of  the  cleft  seems  to  indicate  that  this  cleft 
was  caused  by  the  breaking  out  through  the  membrane  of  the  contents  of 
the  sporangium.  The  fossil  structures  differ  in  one  very  important  feature 
from  their  modern  representatives,  namely,  in  the  total  absence  of  a 
separating  wall  between  the  sporangium  and  the  hyphal  stalk  on  which  it 
is  borne.  This  seems  to  indicate  a more  primitive  form  of  reproduction 
than  prevails  among  the  related  structures  of  modern  fungi. 


1917-18.] 


Phy corny cetous  F ungi. 
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III.  Tuberous  Swellings  of  Irregular  Shape. 

More  or  less  irregular  swellings  of  a rounded  or  pear-shaped  form  are 
not  uncommon.  Renault  figures  them  (see  Meschinelli,  tab.  v,  fig.  14  : tab. 
vi,  fig.  1),  and  an  example  from  an  English  specimen  is  shown  in  text- 
tier.  4.  This  was  found  in  the  cortex  of  a small  root  of  Lyginodendron 

o 

Oldhamium  ( Kaloxylon  Hookeri)  (Dulesgate,  Lancashire:  Lower  Coal 
Measures).  The  irregularity  of  the  form  of  these  swellings  precludes  their 
connection  with  the  function  of  reproduction.  Amongst  the  diversity  of 
forms  some  are  spherical.  Renault  claims  that  the  latter  are  separated 
from  the  adjacent  hyphee  by  transverse  septa,  and  are  regarded  by  him  as 
chlamydospores.  It  is  impossible  to  come  to  a decision  from  the  figures 


published  by  Renault,  but  it  is  evident  that  he  did  not  regard  the  spherical 
as  being  essentially  different  from  the  irregularly-shaped  swellings  which 
are  found  in  the  same  figure.  It  would  be  a great  advantage  if  a fresh 
examination  could  be  made  of  Renault’s  specimens  of  this  fungus.  In  the 
English  specimens  the  swellings  were  obviously  involution  forms  such  as 
are  common  among  modern  fungi. 

Identity  of  Organism  with  Pal.eomyces  gracilis  (Renault). 

This  is  based  on  the  following  facts : — 

1.  Both  occur  in  Carboniferous  rocks. 

2.  Both  occur  typically  in  the  cortical  cells  of  Lepidodendroid  plants. 

3.  The  vegetative  hyphse  in  both  are  of  equal  thickness. 

4.  The  tuberous  irregular  swellings  characteristic  of  Palceomyces 

gracilis  are  also  found  in  the  English  fossil. 


138  Proceedings  of  the  Royal  Society  of  Edinburgh.  [Sess. 


Affinities  of  Peronosporites  gracilis. 

The  close  resemblance  to  Peronosporites  antiquarius  is  evident  at  once, 
and  has  already  been  pointed  out  by  Seward  (10,  p.  218).  The  present 
investigation  lends  considerable  support  to  the  suggestion  that  both 
organisms  should  be  placed  in  the  same  genus : there  is  a resemblance  not 
only  in  the  habitat  and  vegetative  hyphse,  but  also  in  the  reproductive 
organs.  If  it  were  not  for  the  marked  difference  in  the  size  of  the  two 
organisms  it  would  be  difficult  to  distinguish  between  them.  The 
similarity  between  the  vesicles  shown  in  Plate,  fig.  3,  and  the  so-called 
“ oogonia  ” of  P.  antiquarius  is  particularly  striking.  Both  organisms 
belong  to  the  Phycomycetes,  and  among  these  they  are  evidently  most 
closely  allied  to  the  Peronosporacese : these  are  strong  parasites  that  infest 
the  living  tissues  of  land-plants,  the  whole  course  of  their  life-history  being 
run  inside  the  tissues  of  their  hosts.  There  is  every  probability  that  the 
members  of  the  genus  Peronosporites  followed  a similar  course.  The 
absence  of  transverse  septa  separating  the  vesicles  from  the  connecting 
hyphse  indicates  either  the  very  delicate  nature  of  such  septa  precluding 
their  preservation,  or  a more  primitive  form  of  reproduction.  The  latter 
is  the  more  probable  explanation. 

Synopsis  of  Characters  of  Peronosporites  gracilis. 

Hoi  dzon. — English  and  French  Carboniferous  rocks;  in  England  only 
in  Lower  Coal  Measures,  so  far  as  ascertained. 

Habit. — Typically  in  soft  parenchymatous  cells  of  stems  and  roots  of 
Lepidodendron  and  Lyginodendron ; occasionally  in  tracheidal  cells.  Intra- 
cellular, endophytic,  and  very  probably  parasitic. 

Mycelium. — Hyplise  2 jm  to  4/x.  Tubular,  uniformly  thick,  and  with 
delicate  membrane.  Branching  sparingly  and  monopodial.  No  transverse 
septa.  Hyphal  swellings  not  uncommon. 

Reproduction. — 1.  Structures  shown  in  Plate,  fig.  3,  and  text-fig.  2 were 
either  intercalary  sporangia  or  hyphal  swellings  with  a metabolic  function. 
Similar  structures  were  wrongly  named  “oogonia  ” by  earlier  writers. 

2.  Structures  shown  in  Plate,  figs.  2 and  4,  and  in  text-fig.  3 are 
comparable  with  swarm-sporangia  of  modern  Peronosporacese  or  Sapro- 
legniacese.  They  differ  in  the  absence  of  transverse  septa,  indicating  a 
more  primitive  type  of  structure. 

Palseomyces  bacilloides  Ellis. 

Another  fungus,  markedly  different  from  the  one  described  above,  was 
also  discovered  in  specimens  from  the  Lower  Coal  Measures.  This  fossil 
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appeared  in  its  best  condition  in  the  parenchymatous  cells  of  the  leaf-bases 
of  a species  of  Lepidodendron  (probably  L.  fuliginosns)  from  the  Upper 
Foot  Mine,  near  Littleborough. 

Habit. 

The  hyphse  occur  in  the  cells  of  the  leaf-bases  of  Lepidodendroid  plants. 
A few  of  these  cells  are  shown  in  Plate,  fig.  5.  In  this  figure  it  was  not 
possible  to  show  the  whole  of  the  fungus  within  the  field  of  the  microscope, 
because  the  threads  were  placed  in  different  planes.  When  all  these  were 
gathered  up  in  a single  drawing,  the  fungus  at  this  point  presented  the 
appearance  shown  in  text-fig.  5.  In  another  slide,  hyphrn,  very  probably 


Fig.  5.  x 250. 


belonging  to  the  same  fungus,  were  observed  to  have  extended  their  rami- 
fications beyond  the  leaf-base  of  a Lepidodendron  to  an  adjacent  object 
lying  in  the  same  mass  of  vegetable  debris.  This  seems  to  indicate  that 
its  habit  was  saprophytic  rather  than  parasitic.  The  hyphoe  and  repro- 
ductive organs  are  confined  within  the  cells  of  the  host. 

Mycelium. 

The  majority  of  the  hyplioe  varied  in  thickness  from  2/j.  to  4 ju,  but  a 
large  percentage  showed  an  extraordinary  amount  of  variability  in  the 
thickness  of  the  threads.  In  most  cases,  if  a single  hypha  be  followed  in 
its  course  a gradual  change  in  thickness  is  perceptible ; in  some  the  change 
is  very  abrupt  (see  Plate,  fig.  6).  Again,  on  the  same  thread  are  formed 
branches  of  equal  thickness  to  itself,  and  also  others  very  much  smaller. 
In  text-fig.  5 an  example  of  the  former  type  is  shown  at  a,  whilst  at?  the 
points  b the  branches  there  formed  measure  only  1/u  in  thickness.  A very 
marked  and  somewhat  exceptional  example  of  this  variation  is  given  An 
text-fig.  6.  The  thinnest  of  the  threads — in  some  cases  measuring  even 
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less  than  lg — can  be  followed  in  their  course  through  several  cells,  so  that 
they  are  not  in  any  respect,  except  that  of  size,  different  from  the  thicker 
branches.  It  is  noteworthy  that  the  petrified  remains  of  threads,  even  less 
in  thickness  than  that  of  an  average  bacillus,  should  have  been  preserved 
in  an  intact  condition.  In  some  of  the  host  cells  fragments  of  threads, 
measuring  from  lO/x  to  40/x  in  length  and  about  1/x  in  thickness,  were 
present.  If  these  had  been  seen  apart  from  the  threads  of  the  fungus  it 
would  have  been  impossible  to  have  given  a satisfactory  explanation  of 


their  nature.  In  this  case,  however,  it  was  possible  to  prove  their  organic 
connection  with  the  fungus  under  discussion.  A host  cell  showing  these 
fragments  is  shown  in  Plate,  fig.  7.  A detailed  examination  of  such  frag- 
ments brought  to  light  a feature  which  is  of  great  interest  because  it  has  a 
bearing  upon  one  of  the  most  important  problems  in  mycology.  In  some 
cases  it  was  found  that  a very  thin  branch  of  the  fossil  fungus,  after  travers- 
ing perhaps  four  of  the  host  cells  in  an  unbroken  condition,  had  broken  up 
in  the  fifth  cell,  in  which  fragments  only  were  seen  (see  Plate,  fig.  7).  The 
number  of  fragments  in  the  fifth  cell  were  so  numerous,  however,  that  it 
was  evident  that  the  breaking  up  of  the  thread  into  fragments  had  not 
been  followed  by  a cessation  of  growth,  in  which  case  elongation,  follozved  by 
division  and  further  growth,  must  have  been  carried  out  by  the  fragments. 
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If  this  interpretation  be  correct,  we  should  have  in  the  fifth  cell  a colony  of 
rods  that  would  be  indistinguishable  in  all  essential  respects  from  a colony  of 
bacteria  in  a state  of  active  multiplication,  and  yet  one  that  in  this  case  could 
be  proved  to  have  had  its  origin  in  a fungus  of  a Phycomycetous  type. 
There  can  be  little  question  that  pleomorphic  changes  of  this  kind  are  far 
more  common  among  modern  fungi  and  bacteria  than  is  generally  supposed. 

The  formation  of  very  fine  filaments  has  been  observed  in  modern 
fungi.  For  example,  Duncan  (2)  records  the  development  of  very  fine 
hyphse  in  the  growth  of  a species  of  Achlya,  which  is  saprophytic  in  the 
dense  sclerenchyma  of  certain  Corals  (the  Madreporias).  In  this  species 
however,  the  filaments  are  very  short  and  appear  in  clusters,  each  cluster 
emanating  from  a single  point  on  the  hypha.  In  the  fossil  fungus  under 
description  the  filaments  are  in  no  way  distinguishable,  except  in  the 
matter  of  thickness,  from  the  ordinary  branches,  and,  like  the  latter,  bore 
reproductive  vesicles,  as  is  shown  below. 

The  hyphse  showed  no  trace  of  transverse  septa,  except  in  the  special 
case  which  is  detailed  below. 

i 

Probable  Organs  of  Reproduction, 

i 

Vesicles  in  Attachment  to  the  Hyjohce. 

Attached  to  the  hyphse,  each  by  a short  branch,  are  small  vesicles, 
examples  of  which  are  shown  in  Plate,  fig.  8,  and  in  text-fig.  7.  The  latter 
figure  is  a drawing  of  the  same  vesicle  as  is  shown  photographed  in  Plate, 
fig.  8.  The  hypha  in  these  illustrations  measures  2 /*  in  thickness,  and  the 
vesicle  9/*  in  diameter.  In  the  finer  hyphse  vesicles  of  this  type  are  not 
uncommon,  their  average  diameter  being  9/*  to  14/*.  Exceptionally,  some 
are  as  small  as  6/*  in  diameter,  and  the  largest  that  was  observed  measured 
18/*.  There  is  thus  considerable  variation  in  the  dimensions  of  the  vesicles, 
as  well  as  of  the  hyphse,  in  this  organism.  Each  vesicle  is  a round  empty 
structure  with  a well-defined  outer  shell.  Whilst  the  shell  of  most  of  the 
vesicles  is  intact,  in  some  ( e.g . text-fig.  7)  this  covering  has  a large  hole 
in  it,  which  normally  is  larger  than  the  radius  of  the  vesicle.  The  vesicles 
may  reasonably  be  regarded  as  the  remains  of  sporangia  of  the  type  that 
is  common  in  modern  Phycomycetes,  to  which  group  the  fossil  must  be 
assigned.  It  was  not  possible  to  ascertain  whether  the  vesicles  were 
separated  from  the  connecting  hyphse  by  means  of  transverse  septa. 

Bodies  of  the  Nature  of  Oidium  Cells. 

It  has  already  been  stated  that  in  places  the  thickness  of  the  hyphse 
changes  with  abrupt  suddenness.  When  a diminution  of  thickness  had 
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taken  place  on  both  sides  of  a hypha  of  maximum  thickness,  it  had  im- 
parted to  the  latter  a somewhat  spindle  shape  (text-fig.  8).  The  thick 
hypha  at  a appears  to  form  the  end  of  a short  branch,  but  this  is  due  to 
the  absence  from  its  right  side  of  the  hypha  which  originally  formed  the 
continuation  of  it.  As  shown  in  text-fig.  8,  closely  beset  transverse  hyphse 
divide  the  thick  hypha  into  a number  of  cells.  In  the  case  in  point,  three 
well-defined  and  approximately  equal  cells  are  formed  in  the  middle  of  the 
hypha ; in  other  cases,  as  many  as  seven  cells  are  formed  in  this  way.  The 
septation  is  confined  to  a few  only  of  the  hyphse.  The  cells  cut  off  by  the 
process  are  approximately  equal,  and  their  length  normally  is  only  slightly 
greater  than  the  breadth.  The  hyphse  are  constricted  at  the  points  of 
septation,  which  leaves  no  doubt  of  the  genuineness  of  the  septa.  The 


Fig.  7.  x2500. 


formation  of  constrictions  gives  the  septated  hypha  a somewhat  moniliform 
appearance.  In  Plate,  fig.  9,  this  is  indicated  at  the  point  marked  a ; the 
hypha  here  is  divided  into  three  cells. 

A greater  significance  must  be  attached  to  the  fact  that  the  septation 
affects  only  a few  hyphse.  In  modern  fungi  the  formation  of  oidium  cells 
is  heralded  by  a similar  process  of  septation,  and  it  is  highly  probable  that 
in  the  fossil  fungus  the  cells  cut  off  by  septation  had  a reproductive  function 
of  a similar  nature. 

Systematic  Position  of  Pal^eomyces  bacilloides. 

It  is  evident  from  the  absence  of  transverse  septa,  and  from  the  general 
character  of  the  reproductive  organs,  that  this  species  must  be  assigned  to 
the  Phycomycetes.  It  differs  widely  from  the  other  fungi  which  have 
been  described  from  the  Lower  Coal  Measures,  namely,  the  two  species  of 
Peronosporites  and  the  organism  described  by  Cash  and  Hick.  Among  the 
Phycomycetes  its  place  appears  to  be  among  the  Saprolegniacese.  This  is 
indicated  by  its  probable  saprophytic  habit,  and  by  the  formation  of  long 
filamentous  branches  of  extreme  tenuity,  which  find  their  analogue  among 
certain  species  of  Achlya.  On  the  other  hand,  the  reproductive  organs  do 
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not  point  conclusively  to  the  Saprolegniacese.  The  decomposition  of  the 
host  may  have  been  effected  under  sub- aqueous  conditions ; if  so,  its  habit 
would  accord  with  those  of  modern  Saprolegniacese,  among  which  there  are 
none  of  terrestrial  habits.  It  is  proposed  to  assign  the  non-committal 
generic  name  Palceomyces  to  the  organism  (Seward,  10,  p.  222),  reserving 
the  name  “ bacilloides  ” for  this  particular  species. 


Fig.  8.  x 800. 


Summary  of  Characteristics  of  Palceomyces  bacilloides. 

Horizon. — Lower  Coal  Measures. 

Habit. — Endophytic,  probably  saprophytic.  Found  in  parenchymatous 
cells  of  leaf-bases  of  a species  of  Lepidodendron — probably  L.  fuliginosus. 

Mycelium. — Characterised  by  great  variation  in  thickness  from  less 
than  1/x  up  to  4^.  Change  in  thickness  may  be  gradual  or  abrupt. 
Branching  monopodial. 

Some  of  thinnest  hyphse,  after  traversing  a few  cells,  appeared  to  have 
broken  up  into  fragments ; the  growth  of  the  fragments  appeared  to  have 
proceeded  after  separation,  giving  to  them  the  appearance  of  a colony  of 
bacteria  of  the  genus  bacillus  (or  bacterium).  There  is  therefore  a suggestion 
of  pleomorphism  in  the  life-cycle  of  the  fungus. 
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Vegetative  hyphae  showed  no  transverse  septa. 

Reproduction. — 1.  Terminal,  globular  structures  measuring  6/x  to  14 p. 
are  attached  to  liyphse,  each  by  a short  stalk.  These  are  unicellular ; some 
are  ruptured,  the  hole  in  the  shell  being  circular  and  extending  more  than 
half  way  across  the  vesicle.  These  globules  are  in  all  probability  the 
remains  of  swarm-sporangia,  similar  to  those  found  in  the  modern  Perono- 
sporaceae  or  Saprolegniaceae. 

2.  Some  of  the  thickest  of  the  hyphae  are  divided  by  septa  into  a 
number  of  short  cells,  the  hyphae  as  a result  assuming  a moniliform  appear- 
ance. The  short  cells  are  held  to  be  of  the  nature  of  oidium  cells , sub- 
serving the  purpose  of  rapid  multiplication. 

A ffinities. — The  fossil  can  be  definitely  assigned  to  the  Phycomycetes, 
and  among  these  the  Saprolegniaceae  are  indicated  as  being  the  nearest 
allies  among  modern  fungi. 


EXPLANATION  OE  TEXT-FIGURES. 

Text-figs.  1—4.  Peronosporites  gracilis. 

Text- fig.  1.  Hyphae  and  attached  vesicles  in  stem  Lyginodendron  Oldhamium. 
x 400. 

Text-fig.  2.  Diagrammatic  representation  of  disposition  of  vesicles  depicted  in 
Plate,  fig.  3. 

Text-fig.  3.  From  cortex  of  stem  of  Lepidodendron  aculeatum.  Vesicle  (c)  is 
attached  to  hypha  (b).  Cell-walls  of  host  shown  at  a. 

Text-fig.  4.  From  cortex  of  root  of  Lyginodendron  Oldhamium.  x 400. 

Text-figs.  5-8.  Palaeomyces  hacilloides. 

Text-fig.  5.  From  leaf -base  of  Lepidodendron,  showing  variation  in  thickness  of 
branches.  Compare  a and  b.  x 250. 

Text-fig.  6.  From  leaf-base  of  Lepidodendron.  Shows  well-marked  example  of 
variation  in  thickness  of  branches,  these  varying  from  1/x  to  7 p.  x 500. 

Text-fig.  7.  Drawing  of  vesicle  shown  in  Plate,  fig.  8.  x 2500. 

Text-fig.  8.  From  leaf-base  Lepidodendron.  At  a,  thick  hypha  is  septated ; at  b 
and  c,  hypha  is  much  thinner  than  at  a.  Hyphse  of  varying  thickness  shown  at  d 
and  e.  x 800. 


EXPLANATION  OF  PLATE. 

Figs.  1-4.  Peronosporites  gracilis. 

Fig.  1.  From  cortex  of  stem  of  Lepidodendron  aculeatum.  x 250. 

Fig.  2.  Same  as  fig.  1.  Hypha  seen  traversing  several  cells.  x 250. 

Fig.  3.  From  cortex  of  stem  of  Lyginodendron  Oldhamium.  Shows  intercalary 
vesicles. 


Proc.  Roy.  Soc.  Rdin?\ 


Vol.  XXXVIII. 


David  Ellis. 


145 


1917-18.]  Phycomycetous  Fungi. 

Fig.  4.  From  cortex  of  Lepidodendron  aculeatum.  Shows  terminal  solitary 
vesicle,  which  is  connected  with  hypha  at  a. 


Figs.  5-9.  Palaeomyces  bacilloides. 


Fig.  5.  From  leaf-base  of  Lepidodendron. 
at  this  point.  x 175. 

Fig.  6.  From  leaf-base  of  Lepidodendron. 
hypha.  x 400. 

Fig.  7.  From  leaf-base  of  Lepidodendron. 
of  hyphse.  x 250. 

Fig.  8.  From  leaf-base  of  Lepidodendron. 
See  text-fig.  7 for  drawing.  x 400. 

Fig.  9.  From  leaf-base  of  Lepidodendron. 
and  septated  at  constricted  parts.  x 250. 


See  text-fig.  5 for  drawing  of  hypha 
Shows  abrupt  change  in  thickness  of 
Cells  filled  with  detached  fragments 
Hypha  (a)  with  attached  vesicle  (b). 
Hypha  showing  constrictions  at  a, 
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XIV. — Note  on  the  Construction  of  an  Orthogonant. 
By  Sir  Thomas  Muir,  F.R.S. 

(MS.  received  January  31,  1918.  Read  March  4,  1918.) 


(1)  The  essence  of  Cayley’s  mode*  of  arriving  at  the  formation  of  an 
orthogonal  substitution  lies,  as  is  knoAvn,  in  the  observation  that  if  two 
sets  of  variables 

5 y j j ^ and  ^ , Tj  , £ , to 


be  taken  linear  functions  of  a third  set 

in  such  a way  that  the  determinant  of  the  coefficients  is  in  the  one  case 

1 (the 

— a 1 li  g 

— h — h 1 f 

~(J  ~f  1 


and  in  the  other  the  conjugate  of  this,  then  the  first  and  second  set  of 
variables  are  orthogonally  related.  The  indication  given  by  Cayley  at  the 
outset  of  his  paper  as  to  how  he  was  led  to  so  interesting  a result  is  far 
from  satisfying,  and  one’s  surprise  is  reawakened  at  the  close  when  he 
gives  his  two  examples  of  actual  substitution,  namely, 


1 + A1 2  — /X2  — V2 
l+A2  + /x2  + v2 
2(A/X  — v) 
i + A"  + /x-  + v" 

2(vA  + ju) 


2(A  n + v) 


1 + A2  + /X  ;+  V2 
1 +/a2-i/2-A2 

1 + A2  + /n~  -f  v2 

2 (/xv  — A) 


1 + A2  + /x2  + r2  1 + A2  + /x2  + 


2(vA  — /x) 

1 -T  2 + /x2  + v2 

2 (/xv  + A) 

I +A2  + /x2  + v2 

1 +v2-A2-/x2 
1 + A2  + /X2  + V2  ’ 


for  the  case  of  three  variables,  and  something  still  more  irregular-looking 
for  the  case  of  four. 

(2)  The  result  naturally  attracted  immediate  attention  among  mathe- 
maticians, and  was  soon  taken  over  into  text- books,  where  it  has  continued 
to  hold  its  place  until  now,  seventy  years  after  its  first  appearance.  Strange 
to  say,  however,  the  account  of  it  given  in  such  books  remains  practically 
unaltered  and  unextended;  the  latest  advanced  work  on  the  subject, 
Kowalewski’s  of  1909,  devotes  to  it  live  pages  that  are  little  else  than  a 
paraphrase  of  the  original. 

(3)  One  point  connected  with  it  that  has  received  due  attention  in  these 

* Journal  fur  Math.,  32  (1846),  p.  119  : Papers , vol.  i,  p.  332. 
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accounts  is  its  generality,  it  being  always  carefully  pointed  out  that  the 
resulting  expression  contains  the  full  number  of  arbitrary  parameters. 
There  has,  however,  been  a tendency  to  accept  this  as  meaning  that 
Cayley’s  orthogonant  of  any  order  includes  all  possible  orthogonants  of 
that  order,  and  that  therefore  if  a theorem  be  proved  to  hold  for  Cayley’s 
orthogonant  it  must  hold  for  orthogonants  in  general.  Such  a theorem  as 
this  last  is  Brioschi’s  of  1854  concerning  the  latent  roots,  which  originally 
was  stated  and  proved  in  regard  to  Cayley’s  form  only.  Another  pertinent 
example  is  connected  with  Stieltes’  projected  theorem  concerning  the 
hypothetical  vanishing  of  the  determinant  of  the  sum  of  two  orthogonal 
matrices,  Netto’s  proof  of  it  being  dependent  on  the  assumption  that 
Cayley’s  orthogonant  could  represent  a product-orthogonant.  In  regard  to 
this  assumption  some  little  discussion  took  place  at  the  time,  and  Kronecker 
being  referred  to  gave  it  as  his  opinion  that  as  a representation  of  a positive 
unit  orthogonant  Cayley’s  is  not  perfectly  general. 

In  1890  Kronecker  gave  the  subject  much  attention,  finding  in  the 
first  place  that  Cayley’s  result  had  to  have  a condition  attached  to  it 
which  necessarily  narrowed  its  scope ; in  the  second  place,  that  it  could 
not  represent  an  axisymmetric  orthogonant  unless  in  an  approximate 
way  by  proceeding  to  a limit;  and,  thirdly,  that  nevertheless  any  defect 
which  it  had  was  not  of  essential  importance  and  could  be  remedied  by 
multiplying  it  by  another  of  the  same  kind. 

A less  general  statement  was  made  in  1892  by  Metzler,  who  affirmed 
that  an  orthogonant  having  both  + 1 and  — 1 for  latent  roots  could  not 
be  represented  by  Cayley’s.  The  result,  however,  of  his  investigation  was 
to  show  that  Cayley’s  three-line  orthogonant  will  include  the  special  form 
in  question  if  the  signs  of  the  second  and  third  rows  be  altered. 

In  1893  H.  Taber,  taking  Ivronecker’s  result  as  his  starting-point, 
namely,  that  Cayley’s  includes  every  positive-unit  orthogonant  except 
those  that  have  — 1 for  a latent  root,  reached  in  that  year  and  the 
following  a number  of  interesting  results,  all  more  or  less  bearing  on  the 
defect  and  the  remedying  of  it. 

(4)  In  all  the  effective  part  of  the  work  of  these  writers  the  pure 
theory  of  determinants  is  not  adhered  to,  Kronecker  making  use  throughout 
of  a method  dependent  on  the  properties  of  so-called  “ modulus-systems,” 
and  Taber  employing  the  algebra  of  Cayleyan  matrices.  It  is  thus  seen 
that  there  is  room  for  additional  consideration  of  the  subject,  and  for 
contributions,  however  slight,  to  the  elucidation  of  the  general  question. 

(5)  A first  gain  in  clearness  is  attained  from  fixing  our  attention  on  the 
fact  that  Cayley’s  orthogonant  has  the  peculiarity  that  its  diagonal  elements 
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are  binomial  with  — 1 in  each  case  for  one  of  the  terms : in  other  words, 
that  we  may  advantageously  conceive  Cayley  putting  his  problem  to 
himself  in  the  form  of  a question  as  to  what  the  elements  of  | x1y2z 3 . . . | 
must  be  in  order  that 


xx  — 1 

Vi 


X.j 

y2~ 1 


X3  • • • • 

Vs  

*8-1  •••* 


may  be  an  orthogonant.  And  if  we  do  this  we  are  prepared  to  view  his 
answer  as  a direction  to  take  for  the  elements  of  | x1y2z3 . . . | the  doubled 
elements  of  the  reciprocal  * of  any  unit-axial  skew  determinant. 

For  the  present  we  confine  ourselves  to  showing  that  this  is  not  the 
only  solution  to  the  problem  even  in  the  specialised  form  here  given.  As 
for  other  specialised  forms  it  must  suffice  to  note  merely  that  they  do 
exist,  for  example,  the  skew  orthogonant 
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(6)  The  determinant 

X±  — 1 

x2 

x3 

. . . 

Vi 

2/2—  1 

Vz 

• • • 

zi 

F 

*8-! 

* • • 

will  be  an  orthogonant , if  the  (r,s)th  element  of  | xxy2z3 ...  | be  taken  equal 
to  2a'as/2a2.  For  example 


- -1 

ab 

ac 

ha 

2F 

cr 

he 

ca 

ch 

1 

cq  ( 

Cd  1 

C T 


where  cr  = a2  F 62  F c1.  The  verification  of  this  is  perfectly  simple  and 

need  not  be  given.  It  is  more  important  to  note  that  the  result  is  not 
included  in  Cayley’s  : to  suppose  so  would  imply  that  a unit-axial  skew 

* Not  the  cidjugate. 
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determinant  could  be  a multiple  of  a2  + 62  + c2  while  its  adjugate  not  only 
vanished  but  had  almost  the  highest  possible  index  of  nullity. 

In  three  points  it  differs  from  Cayley’s,  namely,  (1)  in  form  it  is 
axisymmetric,  (2)  the  number  of  its  arbitrary  parameters  is  n instead  of 
\n(n  — 1),  and  (3)  its  value  is  +1  when  n is  odd  and  — 1 when  n is  even. 

(7)  The  determinant 

x1  — 1 Xc,  x3  .... 

Vi  y2~l  Vs 


will  be  an  orthogonant , if  the  square  of  | x^Zg ...  | be  equal  elementally 
to  its  duplicant ; that  is  to  say,  if 


s • • • 


X-^  -f~  X 

yi  + %2 

Z1+X  3 


X2  + Vl  X3  + :-l  • • • • 

y2  + y2  y-3+z2  •••• 

z2  + y3  z3  + z3  


> 


where  the  matrix  of  the  determinant  on  the  right  is  the  sum  of  the  matrices 
of  | x1y2z3  ...  | and  its  conjugate.  As  before,  the  proof  is  merely  a straight- 
forward application  of  the  definition. 

(8)  If  we  use  the  generalised  definition  of  an  orthogonant,  namely,  that 
in  which  the  square  of  each  row  is  /ud  instead  of  1,  the  necessary  modifica- 
tion in  the  preceding  is  the  substitution  of  ju  for  1 in  the  diagonal  elements 
of  the  asserted  orthogonant  and  the  affixing  of  ptasa  multiplier  to  every 
element  of  the  duplicant. 

(9)  That  our  orthogonant  of  § 6 satisfies  the  condition  just  laid  down  is 
easily  verified ; and  that  Cayley’s  does  so  is  a fact  that  is  to  be  found  in 
Spottiswoode,  although  we  can  scarcely  say  that  its  discoverer’s  way  of 
recording  it  has  helped  much  to  make  it  known. 

We  shall  now  use  the  condition  to  test  the  validity  of  a third  solution. 

(10)  Strange  to  say,  this  third  is  connected  with  the  same  source  as 
Cayley’s,  namely,  the  adjugate  of  a unit-axial  skew  determinant.  To  the 
setting  forth  of  it,  however,  it  is  necessary  to  partition  the  matrix  of 
the  said  adjugate  in  accordance  with  the  several  degrees  of  the  terms  of 
its  elements : for  example,  the  unit-axial  skew  determinant  of  the  4th 
order  being 
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the  matrix  of  the  adjugate  has  in  its  elements  terms  of  the  0th,  1st,  2nd, 
3rd  degrees,  and  thus  is  partitionable  into 
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where  d?  stands  for  ad  - /3e  + , i.e.  for 

i />  i 
y e 


In  regard  to  these  we  may  remark  in  passing  (1)  that  they  are  alternately 
axisymmetric  and  skew,  and  (2)  that  the  values  of  their  determinants  are 
in  order 

(11)  It  is  the  one,  P say,  with  quadric  elements  and  the  value  d>4  that 
specially  concerns  us.  On  multiplying  it  by  itself  a curious  property  comes 
to  light,  the  result  being 


(y2  + 82  + e2)M  — <3?2  — (/3y  +•  e£)M  (ay  ~ 8£)M  (ae  + /3&) M 

-(fi  y + e£)M  (/32  + 82  + £2)M-3>2  — (a/3  + 8e)M  (-a£  + yS)M 

(ay— 8£)M  — (a/3  + 8e)M  (a2  + e2  + £2)M  — $2  — (/3£  + ye)  M 

(ae  + /}’8)M  (— a^  + yS)^!  — (/3£  + ye)M  (a2  + /52  + y2)M  — <J>2 

where  M stands  for  a2  + /32  + y2  + d2  + e2  + f2.  If  the  (r,  s)th  element  of  P be 
denoted  by  pr8 , what  we  thus  have  reached  is 
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In  other  words,  P is  such  that  its  square  is  elementally  a multiple  of  its 
duplicant ; and  therefore  by  § 8 it  follows  that 


Pn-JM  P\2  Vis  P\+ 

P-21  P22  ~~  ^ ^ P2 3 P‘2+ 

P3I  P32  P33  ~ 2^  P34 

P+l  P+2  P+3  P+ 


is  an  orthogonant. 

(12)  In  similar  fashion  to  this  an  orthogonant  can  be  obtained  from 
the  quadric  portion  of  the  matrix  of  the  adjugate  of  any  unit-axial  skew 
determinant  whatever.  The  case  of  the  third  order  was  intentionally 
passed  over  by  us,  because  the  orthogonant  thence  obtained  merges  in  the 
three-line  orthogonant  of  § 6.  We  shall  presently  consider  the  case  of  the 
fifth  order,  it  being  necessary  to  have  an  odd-ordered  case  separately 
investigated,  since  the  occurrence  of  a zero-axial  skew  determinant  in  a 
piece  of  work  is  almost  certain  to  bring  about  two  more  or  less  variant 
types  of  result. 

(13)  Meanwhile  it  is  seen  to  be  of  some  consequence  to  be  able  to  tell 
what  the  desired  portion  of  the  said  matrix  is  without  having  to  calculate 
the  whole  of  the  elements  of  the  adjugate.  The  following  theorem  gives 
what  is  wanted : the  determinant  of  the  quadric  portion  of  the  matrix  of 
the  adjugate  of  any  unit-axial  shew  determinant  is 


S — r1rl 


~ r\r2 
~ r+V3 


rir2 
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r2V3 


- riV3 
~ V2r 3 
8 — r3r3 


where  rhrk  is  the  product  of  the  1C  and  hfh  rows  of  the  given  determinant 
when  made  zero-axial,  and  S is  the  sum  of  the  squares  of  the  elements  on 
one  side  of  the  diagonal.  The  practical  rule  involved  in  this  directs  the 
given  determinant  when  made  zero-axial  to  be  multiplied  by  itself,  S to  be 
subtracted  from  each  diagonal  element  of  the  product,  and  then  the  signs  of 
all  the  elements  to  be  changed.  For  example,  if  the  determinant  of  the 
5th  order  be 
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the  first  column  of  the  quadric  portion  of  the  matrix  of  its  adjugate  is 
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Pi  + fi  + Pl  + yl  + yl  + % 

a3@3 

a5^5  3 

a2d3-a4T4 

- «575  3 

a2d4  + a3y4 

~~  a5^5  ’ 

a2^5  + a375 

+ a4S5 . 

(14)  Let  us  denote  the  determinant  of  the  whole  of  the  quadric  portion 
by  Q and  its  (r,s)th  element  by  qrs;  also  the  sum  of  the  squares  of  the 
elements  on  one  side  of  the  diagonal  of  the  given  skew  determinant  by  N, 
and  the  five  primary  minors  of  the  quasi -pfaffian  of  the  same  determinant  by 


F, , F2 , F3 , F4 , F5 , 

We  then  find  as  a curious  analogue  to  the  result  in 
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so  that,  when  the  five  F’s  vanish,  the  square  of  Q is  elementally  a multiple 
of  Q,  and 

9n  ~ 2-N”  9i2  9i%  .... 

*?21  922  ^23  .... 

?31  9-52  933  ~ 2-^  • • * * 

is  an  orthogonant. 

In  counting  the  arbitrary  parameters  involved  in  the  result  it  is  neces- 
sary to  remember  that  the  conditions 


f1  = f2=f3  = f4  = f5  = o 

are  equivalent  to  only,  four  independent  equations,  it  being  easily  shown 
that  the  vanishing  of  any  four  of  the  F’s  entails  the  vanishing  of  the  fifth. 

(15)  A word  must  be  added  in  regard  to  the  determinants  P and  Q, 
which  possess  a real  interest  apart  altogether  from  their  connection  with 
the  construction  of  orthogonants. 

In  regard  to  P,  the  first  point  to  be  noticed  is  that  although  it  equals 
the  square  of 
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and  in  form  closely  resembles  the  result  got  by  self- multiplication,  it  is  not 
identical  with  the  said  result.  In  the  second  place  its  adjugate  is  peculiar, 

the  complementary  minor  of  prs  being  prs.(fL  and  the  complementary  minor 

% 

of  prr  being  (M  - 

As  for  Q,  the  most  interesting  point  about  it  is  its  value,  namely, 


(2C2  • 

that  is  to  say,  tlce  product  of  the  square  of  the  sum  of  five  squares  by  the 
sum  of  ten  squares.  It  is  scarcely  likely  that  there  is  any  very  simple 
mode  of  effecting  the  evaluation  of  so  cumbersome  a determinant. 
Certainly  the  mode  by  which  the  value  was  first  reached  cannot  he  so 
styled.  It  consists  in  multiplying  by  F?  in  the  form 
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partitioning  the  product  into  two  determinants  one  of  which  vanishes  and 
the  other  is  a bordered  zero-axial  skew  determinant,  and  then  evaluating 
the  two  pfaffians  into  which  the  latter  breaks  up,  namely, 
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Rondebosch,  S.A., 

Dec.  27,  1917. 


( Issued  separately  August  22.  1918.) 
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XV. — 1 The  Formation  of  the  Germ-Band  in  the  Egg  of  the  Holly 
Tortrix  Moth,  Eudemis  nsevana  (Hb.).  By  L.  H.  Huie,  F.E.S. 
Communicated  by  J.  H.  Ashworth,  D.Sc.,  F.R.S.  From  the 
Department  of  Invertebrate  Zoology,  University  of  Edinburgh. 
(With  Two  Plates.) 

(MS.  received  June  3,  1918.  Read  June  3,  1918.) 


Introductory. 

During  the  spring  of  1916,  while  making  observations  from  an  economic 
point  of  view  on  the  Holly  Tortrix  Moth,  Eudemis  ncevana  (Hb.),  I found 
that,  owing  to  the  transparency  of  the  egg  and  its  flattened  form,  the 
development  could  be  followed  in  the  living  egg  in  a general  way  with 
unusual  clearness. 

Investigations  have  been  carried  out  on  the  embryology  of  about 
eighteen  species  of  Lepidoptera,  but  as  far  as  I am  aware  no  account  has 
been  published  of  the  embryology  of  the  Tortricid8e.  The  early  stages 
of  Bombyx  mori  and  Pieris  cratcegi  have  been  investigated  by  several 
different  observers,  but,  for  one  reason  or  another,  the  details  of  the 
formation  of  the  germ-band  from  the  primitive  ventral  plate  have  remained 
obscure.  The  present  investigation  was  undertaken  with  the  object  of 
clearing  up  some  of  these  obscure  points  on  the  more  favourable  material 
at  my  disposal. 

The  ventral  plate,  the  earliest  indication  of  the  embryo  in  the 
Insecta,  originates  in  an  area  of  the  blastoderm  on  the  ventral  side  of  the  egg, 
which  becomes  marked  off  by  its  cells  assuming  the  form  of  a close  columnar 
epithelium,  while  in  the  remaining  portion  of  the  blastoderm  the  cells  become 
flattened.  Accounts  vary  as  to  the  shape  of  the  ventral  plate  in  those 
Lepidoptera  in  which  it  has  previously  been  described.  Herold  describes 
it  in  the  egg  of  Sphinx  ocellata  as  a flat-sided  figure  with  rounded  corners. 
Kowalevsky  figures  the  ventral  plate  of  Sphinx  populi  as  somewhat  spade- 
shaped. Tichomiroff  figures  and  describes  that  of  Bombyx  mori  as  four- 
sided, with  a notched  head  end.  Graber  depicts  as  nearly  circular  the 
ventral  plate  of  Pieris  cratcegi,  which  Bobretzky  had  figured  as  an  oval 
with  enlarged  ends,  its  long  axis  being  transverse  to  the  long  axis  of  the 
egg.  Bruce,  who  studied  the  embryology  of  Thyridopteryx  ephem  ercef or  mis. 
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likens  the  ventral  plate  to  a watch-glass  in  shape.  Of  these,  Bobretzky’s 
figure  most  nearly  resembles  the  germ  rudiment  of  Eudemis. 

Owing  to  the  formation  of  the  amnion,  the  ventral  plate  becomes 
detached  from  the  surface  of  the  egg,  sinks  into  the  yolk,  begins  to  elongate 
in  the  direction  of  the  long  axis  of  the  egg,  at  the  same  time  shrinking  in 
width,  and  gradually  assumes  a C-shape — the  germ-band.  Almost  all  the 
researches  on  the  embryology  of  the  Lepidoptera  have  commenced  with  the 
formed  germ-band,  or  have  been  carried  out  on  later  phases. 

Observations  on  Eudemis  njevana. 

External  Aspect  of  the  Egg. 

The  female  moth  of  Eudemis  ncevana  deposits  her  eggs  in  August, 
one  by  one,  on  the  under  sides  of  holly  leaves,  fastening  them  by  means  of 
a sticky  secretion.  The  egg  is  scale-like,  oval,  scarcely  1 mm.  in  length, 
about  *7  mm.  in  breadth,  and  T2  mm.  in  thickness  at  the  thickest  part.* 
It  adheres  to  the  leaf  by  the  ventral  surface,  which  is  flat,  the  free  (dorsal) 
surface  being  convex,  the  convexity  increasing  with  the  development  of 
the  embryo.  Investing  the  egg  is  a double  envelope,  the  inner  pellicle — 
the  vitelline  membrane, — perfectly  transparent  and  very  thin;  the  other 
— the  chorion, — tougher,  and  bearing  an  indistinct  honeycomb  sculptur- 
ing.]- Near  the  cephalic  end  are  three  or  four  minute  micropyles  closely 
grouped.  When  freshly  laid  the  greenish  contents  completely  fill  the  egg, 
but  by  about  the  seventh  day  after  oviposition  the  appearance  of  the  egg 
has  greatly  changed,  the  contents  having  gradually  contracted,  so  that, 
viewed  from  the  surface,  there  is  a broad,  empty  peripheral  part  round  the 
central  mass,  which  appears  now  to  be  yellow  or  orange-coloured  owing  to 
the  tint  of  the  cuticle-like  secretion  of  the  serosa  which  has  formed  over  it. 

Methods. 

I obtained  eggs  for  experimental  purposes  by  collecting  more  than  100 
chrysalids  and  breeding  out  the  moths  in  a large  breeding-cage.  The  eggs 
are  deposited  in  the  twilight.  By  means  of  branchlets  of  holly  supplied 
to  the  moths  every  afternoon,  and  removed  after  dusk,  I was  able  to  get 
eggs  in  any  required  stage  of  development. 

* There  is,  however,  considerable  variation  in  the  dimensions. 

+ Tichomiroff  studied  the  chemical  nature  of  the  chorion  of  Bombyx  mori , and  found  that 
it  differs  in  composition  from  both  chitin  and  horn.  This  peculiar  substance  he  calls 
“ chorionin.”  Following  up  his  investigations,  Lecaillon  and  Henneguy,  working  on  the  eggs 
of  several  other  insects,  arrived  at  similar  results. 
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The  egg s were  fixed  in  Bles’s  fluid,  but  as  the  envelopes  are  exceedingly 
impervious,  it  was  found  necessary  to  puncture  them  to  permit  the  fixative 
to  penetrate.  The  punctures  were  made  in  two  opposite  places,  with  fine 
needles,  under  a dissecting  microscope.  The  early  stages  had  to  be  sectioned 
without  removal  of  their  envelopes,  which  would  have  involved  injury  to 
the  peripheral  parts ; but  it  was  found  that  only  sagittal  and  transverse 
sections  were  practicable,  the  brittleness  of  the  envelopes  rendering  it 
impossible  to  cut  sections  parallel  to  the  wide  surfaces  of  the  egg.  Later 
stages  could  be  cut  in  this  direction,  as  the  envelopes  could  be  easily 
removed  from  them,  especially  after  the  material  had  been  hardened  in 
alcohol. 

As  the  eggs  are  minute  and  transparent,  it  was  found  desirable  to  stain 
them  with  alcoholic  eosin  before  embedding  them  in  paraffin.  Cedar-wood 
oil  was  used  as  a clearing  agent.  For  embedding,  the  simple  apparatus 
and  rapid  method  recommended  in  Stephen’s  and  Christopher’s  Practical 
Study  of  Malaria  was  employed.  Their  description  is  as  follows: — “The 
embedding  apparatus  is  simply  a slab  of  copper  12  x 3 x J ins.  Heat  this 
at  one  end,  and  place  the  vessel  containing  the  paraffin  at  a point  on  the 
slab  where  the  paraffin  is  just  kept  melted.  This  is  the  temperature  for 
embedding.”  Obviously  the  eggs  had  to  be  watched  throughout  the 
process,  about  forty-five  minutes. 

Sections  were  stained  with  Heidenhain’s  iron  alum  and  hsematoxylin, 
or  by  Mann’s  eosin  and  toluidin  blue  method.  (One  per  cent,  water-soluble 
eosin  solution,  fifteen  minutes ; one  per  cent,  solution  of  toluidin  blue,  three 
minutes.  Differentiate  in  absolute  alcohol,  five  minutes.) 

Internal  Structure  of  the  Egg  and  the  Early  Development. 

Sections  of  freshly  deposited  eggs  show,  lying  immediately  beneath  the 
inner  pellicle,  a clearly  defined  layer  of  cytoplasm,  characterised  by  its 
finely  and  densely  granular  nature.  This  is  the  periplasm.  The  granules 
are  remarkably  uniform  in  size,  and,  stained  with  Heidenhain’s  iron  alum 
hmmatoxylin,  they  appear  all  of  one  tint,  but  in  sections  stained  in  eosin 
and  toluidin  blue,  and  well  differentiated,  the  periplasm  is  seen  to  be 
composed  of  two  strata,  of  which  the  inner  one — next  the  yolk — is  of 
irregular  thickness  and  much  more  tenacious  of  the  blue  stain  than  the 
peripheral  one,  from  which  the  blue  is  readily  washed  out,  leaving  a 
pink  layer  which  is  thickest  towards  the  anterior  end  of  the  egg,  narrow- 
ing towards  the  posterior  end.  Internal  to  the  periplasm  the  egg  is  filled 
by  the  yolk-plasma,  forming  everywhere  a network,  enclosing  the  three 
elements  recorded  by  most  other  observers  of  the  eggs  of  insects  : — (1) 
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globules  staining  very  darkly  with  Heidenhain’s  hsematoxylin ; (2)  yolk 
bodies,  rendered  polygonal  through  mutual  pressure,  and  taking  the  usual 
cytoplasmic  stains,  especially  eosin ; and  (3)  a sprinkling  of  much  more 
minute  granules,  resembling  those  of  the  inner  layer  of  the  periplasm 
in  their  intense  affinity  for  basic  stains. 

Maturation  of  the  ovum  takes  place,  as  in  the  bee  (see  Nachtsheim), 
about  the  time  of  oviposition.  In  the  section  shown  in  PI.  I,  fig.  1,  which 
is  from  an  egg  fixed  about  an  hour  after  oviposition,  the  female  pronucleus 
is  seen  near  the  centre,  while  the  three  polar  nuclei  lie  in  a thickening 
of  the  periplasm  situated  on  the  convex  side  of  the  egg.  The  cytoplasm 
immediately  surrounding  the  polar  nuclei,  i.e.  in  the  central  part  of  the 
thickening,  is  more  finely  granular  and  forms  the  “ Richtungsplasma.” 
Two  of  the  polar  nuclei  are  distinctly  smaller  than  the  third ; these  are  the 
daughter  products  of  the  first  polar  body,  while  the  larger  nucleus  is  the 
second  polar  nucleus.  All  are  true  nuclei,  and  not  merely  chromatin  masses  * 
(“  Chromatingruppen  ”)  such  as  are  figured  and  described  by  Nachtsheim 
in  his  work  on  the  egg  of  the  bee.  The  female  pronucleus  has  apparently 
no  special  cytoplasmic  envelope,  but  at  one  point  on  its  periphery  is  a 
small  accumulation  of  yolk-plasm.  The  male  pronucleus  is  seen  nearer 
the  anterior  end  of  the  egg,  surrounded  by  an  attraction  sphere  of 
cytoplasmic  radiations  in  which  it  is  somewhat  eccentrically  placed. 

When  the  temperature  is  high,  68  -70°  F.,  the  first  division  of  the  zygote 
nucleus  takes  place,  near  the  centre  of  the  anterior  half  of  the  egg,  two  or 
three  hours  after  oviposition.  The  second  division  follows  rapidly,  and 
without  much  shifting  of  position ; so  that,  about  midnight,  four  nuclei 
may  be  found,  each  already  surrounded  by  its  little  “ island  ” of  cytoplasm, 
with  radiating  processes,  finely  granular  and  mainly  basophil,  like  the 
cytoplasm  of  the  inner  stratum  of  periplasm.  At  the  time  when  the  egg 
contains  eight  dividing  nuclei  these  are  still  in  close  proximity,  and  the 
prolongations  of  their  cytoplasm  appear  to  be  in  contact ; but  by  the  time 
that  sixteen  nuclei  are  in  the  dividing  state,  they  are  spreading  throughout 
the  yolk,  so  as  to  become  distributed  fairly  equally. 

After  a few  more  nuclear  divisions  the  resulting  amoeboid  cells  are  seen 
to  be  tending  towards  the  periplasm,  both  nuclei  and  cytoplasm  elongating 
in  the  direction  of  movement.  The  cells  usually  enter  the  periplasm 
diagonally,  as  is  well  seen  when  mitosis  occurs  at  this  juncture,  and  in 
these  cases  it  appears  that  one  daughter  cell  passes  into  the  periplasm, 
while  the  other  remains  in  the  yolk. 

* Henking  describes  and  figures  the  polar  bodies  of  Pieris  brassiest  as  true  nuclei, 
though  in  his  studies  of  the  eggs  of  otter  insects  he  finds  merely  chromatin  masses. 
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On  entering  the  periplasm,  the  cell  continues  to  press  on,  nucleus  foremost, 
until  the  latter  finally  reaches  the  peripheral  stratum  of  the  layer,  i.e.  the 
eosinophil  stratum.  These  cells,  which  form  the  blastoderm,  divide  in  future 
in  such  a way  that  the  long  axis  of  the  spindle  coincides  with  that  of  the 
egg.  Up  to  this  stage  the  mitoses  of  all  the  nuclei  synchronise,  but  after 
the  formation  of  the  blastoderm  this  ceases  to  be  the  case. 

This  building  up  of  the  blastoderm  does  not,  as  recorded  for  the  eggs 
of  some  insects,  begin  sooner  at  one  point  than  another.  On  the  contrary, 
emigration  of  the  amoeboid  cells  to  the  surface  occurs  at  any  part.  At 
first  wide  spaces  exist  between  the  nuclei  which  have  settled  into  the  peri- 
plasm, but,  partly  by  these  nuclei  dividing  into  daughter  nuclei  lying  side 
by  side,  and  partly  by  the  advent  of  new  arrivals,  these  spaces  become 
filled  up.  Each  nucleus  exerts  an  attractive  influence  on  the  periplasm 
immediately  surrounding  it,  so  that  the  periplasm  becomes  broken  up  to 
form  a chain  of  cell-like  “ territories  ” each  with  a nucleus  in  the  centre. 
As  each  of  these  is  somewhat  rounded,  the  result  is  to  impart  to  the  egg- 
contents  a crenated  outline  by  which,  even  in  the  living  state,  this  stage 
may  be  recognised  under  the  microscope. 

Up  to  this  stage  a nucleolus  has  not  been  demonstrable  in  any  of 
the  nuclei  of  the  egg.  About  the  time  that  the  blastoderm  exhibits  the 
crenated  outline  just  described,  every  nucleus  — both  those  of  the  cells 
remaining  in  the  yolk — the  vitellophags — and  those  of  the  blastoderm — 
exhibits  a large  nucleolus,  and  a diminution  of  the  amount  of  basophil 
chromatin  formerly  present.  Figs.  3a  and  36,  which  show  these  changes, 
show  also  that  the  nuclei  of  the  later  stage  are  smaller  than  those  of  the 
earlier  one. 

Whether  or  not  the  cytoplasm  of  the  amoeboid  cells  fuses  with  that 
of  the  periplasm  has  been  discussed  by  Marshall  and  Dernehl  in  their 
study  of  the  blastoderm  of  Polistes.  They  conclude  that,  after  remaining 
for  a time  distinct,  the  cytoplasm  of  the  amoeboid  cell  eventually  fuses 
with  that  of  the  periplasm.  A similar  fusion  takes  place  also  in  Eudemis. 
It  is  easy  to  see  in  my  sections  stained  by  eosin  and  toluidin  blue  that  the 
bulk  of  the  basophil  cytoplasm  accompanying  the  nucleus  is  left  behind 
in  the  basophil  stratum  of  the  periplasm,  while  the  nucleus  penetrates 
further,  the  greater  part  of  it  lying  in  the  eosinophil  peripheral  stratum. 
The  result  is  that  irregular  masses  of  basophil  material  are  to  be  seen  in 
each  cell  of  the  forming  blastoderm,  projecting  into  the  yolk,  though  also 
partially  in  contact  with  the  nucleus.  This  gives  a very  irregular  outline 
to  the  young  blastoderm  on  its  inner  side.  Later  these  irregular  masses 
disappear,  being  incorporated  into  the  cells  so  that  the  blue-staining 
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material  becomes  more  evenly  distributed  throughout  the  cells.  The 
completion  of  the  blastoderm  is  achieved  when  the  cells  become  sufficiently 
numerous  to  form  a continuous  epithelium. 

The  Polar  Bodies. 

Henking,  in  his  investigations  on  the  polar  bodies  of  insects,  established 
the  fact  that,  synchronising  with  the  second  maturation  division  of  the 
ovum,  the  first  polar  body  undergoes  a division  the  result  of  which  is  a 
pair  of  daughter  nuclei,  or  simply  a pair  of  twin  chromatin  masses  with 
no  nuclear  boundary.  He  further  found  that,  in  the  majority  of  cases,  a 
fusion — more  or  less  complete — took  place  between  the  chromatin  of  the 
second  polar  body  and  that  of  one  of  the  daughter  nuclei  of  the  first  polar 
body.  According  to  this  author,  the  body  thus  formed — the  “ Richtungs- 
kopulationskern  ” — becomes  ultimately  absorbed  without  undergoing  any 
further  change.  The  other  daughter  nucleus  of  the  first  polar  body  also 
disappears.  In  the  case  of  Pieris  brassicce,  however,  he  states  that  all 
three  polar  bodies  ( i.e . the  two  daughter  nuclei  of  the  first  polar  body  and 
the  second  polar  body)  are  true  nuclei,  and  that  they  all  fuse  together ; but 
he  did  not  follow  the  fate  of  the  nucleus  resulting  from  this  fusion. 

Nachtsheim,  in  his  study  of  the  bee’s  egg,  observed  that  at  the  time 
of  the  first  division  of  the  zygote  nucleus  a spindle  of  “ astonishing  ” size 
simultaneously  forms  in  the  “ Richtungsjdasma,”  owing  to  the  division  of 
the  “ Richtungskopulationskern,”  which  arose  as  the  result  of  a union 
between  the  second  polar  body  and  the  inner  daughter  nucleus  of  the  first 
polar  body.  In  the  metaphase  of  this  spindle  he  counted  32  chromosomes, 
though  16  was  the  number  to  be  expected  from  the  fusion  of  8 + 8.  I 
quote  his  explanation : — “ Has  plotzliche  Auftreten  von  32  Chromosomen 
ist  so  zu  erklaren,  dass  die  Chromosomen  der  Richtungsspindel 
‘ Sammelchromosomen  ’ darstellen,  die  nach  den  Reifungsteilungen  wieder 
in  Chromosomen  von  niedriger  Wertigkeit  zerfallen.”  This  large  spindle 
does  not  go  on  to  form  daughter  nuclei,  but  fragments  into  daughter 
spindles  and  thereafter  gradually  disappears. 

Owing  to  my  initial  lack  of  experience  in  cutting  the  eggs,  in  many 
of  my  early  sections  the  delicate  “ Richtungsplasma  ” was  injured,  but  a 
successful  series  of  sections  was  made  from  an  egg;  which  had  been  fixed 
between  two  and  three  hours  after  oviposition,  and  in  which  the  zygote 
nucleus  had  divided  into  two,  these  two  nuclei  being  in  process  of  division. 
The  “ Richtungsplasma  ” of  this  egg  is  showTn  in  figs.  2a  and  2b,  which 
were  drawn  from  two  consecutive  sections.  Fig.  2a  might  be  interpreted 
as  representing  a large  spindle,  such  as  Nachtsheim  describes,  fragmenting 
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into  daughter  spindles  ; while  fig.  2b  suggests  the  presence  of  a small 
independent  spindle,  with  smaller  chromosomes,  much  massed,  though 
tending  into  two  groups.  The  question  arises  whether  this  small  spindle  has 
arisen  from  the  outer  daughter  nucleus  of  the  first  polar  body ; but,  on  the 
evidence  furnished  by  this  one  egg,  it  would  be  rash  to  say  whether  there 
be  one,  two,  or  three  spindles,  and  1 hope,  when  material  again  becomes 
available,  to  make  a further  study  of  this  interesting  point.  The  rather 
scattered  chromosomes  of  the  larger  spindles  exist  for  the  most  part  as 
dyads  or  tetrads,  but  one  or  two  seem  to  be  more  elongate.  The  chromo- 
somes of  the  small  spindle  are  packed  more  closely  than  is  shown  in 
the  figure,  and  it  is  impossible  to  define  the  outline  of  many  of  them,  but, 
judging  from  those  that  are  isolated,  they  appear  similar  in  form  to  the 
larger  ones.  At  the  stage  when  four  amoeboid  cells  exist  in  the  yolk,  the 
spindle  threads  have  vanished,  but  the  chromosomes  may  yet  be  seen. 
In  later  stages  they  also  have  disappeared. 

The  Formation  of  the  Germ-band  from  the  Ventral  Plate. 

After  the  completion  of  the  blastoderm,  the  next  change  that  occurs  in 
the  developing  egg  is  the  differentiation  of  a portion  of  the  blastoderm  to 
form  the  ventral  plate  or  germ-rudiment.  This  area  occupies  about  one- 
third  of  the  ventral  surface  and,  continuing  round  each  side,  overlaps  the 
dorsal  surface  to  the  extent  of  about  one-quarter  of  its  width  (figs.  6a 
and  6b).  The  figure  so  formed,  if  straightened  out,  would  form  an  oblong, 
with  its  rounded  ends  rather  broader  than  its  central  region,  and  its  position 
is  always  somewhat  nearer  to  the  caudal  than  to  the  cephalic  end  of  the 
egg.  The  cells  composing  this  embryonal  area  or  ventral  plate  form  a one- 
layered columnar  epithelium  (fig.  6c),  while  the  cells  of  the  remainder  of 
the  blastoderm  have  become  much  flattened.  Stained  by  eosin  and  toluidin 
blue  and  decolorised,  sections  show  that  the  blastoderm  cells  readily  part 
with  the  blue  stain,  while  the  rich  cytoplasm  of  the  cells  of  the  ventral 
plate  bolds  it  tenaciously. 

At  the  margins  of  the  ventral  plate  the  amnion  fold  arises,  the  cells  of 
the  fold  being  similar  to  those  of  the  ventral  plate,  so  that  at  this  time  there 
is  no  clear  line  of  demarcation  between  amnion  and  ventral  plate.  The 
amnion  grows  over  the  lateral  portions  of  the  ventral  plate  and  over  the 
ventral  surface  of  the  latter,  the  margins  of  the  amnion  fusing  mid-ventrally. 
Thus  the  amnion  and  the  ventral  plate  together  form  a closed  sac  which 
separates  from  the  serosa  (the  epithelium  now  covering  the  egg)  and  sinks 
into  the  yolk.  A transverse  section  of  an  egg  where  this  process  is  just 
beo-innino'  is  shown  in  fig.  6c.  The  amnion  fold  has  commenced  to  form  at 
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the  boundaries  of  the  ventral  plate  on  the  dorsal  side  of  the  egg,  but  on 
the  ventral  side  the  embryonic  tissue  still  forms  part  of  the  blastoderm. 
Later  on  the  cells  of  the  amnion  take  on  the  form  of  a flattened  epithelium 
(see  figs.  7 c,  8 c,  9c). 

Until  the  formation  of  the  ventral  plate,  eggs  removed  from  the  leaf  and 
kept  under  microscopical  observation  appear  homogeneous,  and  exhibit  little 
indication  of  the  internal  changes  which  have  taken  place ; but  from  this 
time  onwards  many  of  the  changes  can  be  followed  in  the  living  egg,  the 
observation  of  which  is  in  some  particulars  of  more  valup  than  the  study  of 
sections.  I have  thought  it  advisable  to  show  three  parallel  series  of  figures 
demonstrating,  firstly  (figs.  6a- 9a),  the  appearances  seen  in  the  living  egg, 
which  give  the  best  idea  of  coincident  changes  in  the  yolk ; secondly,  the 
corresponding  stages  exemplified  by  embryos  removed  from  the  egg  and 
isolated  from  the  yolk ; and,  thirdly,  the  same  stages  in  transverse  section. 

In  the  living  egg  one  may  watch  the  partition  of  the  yolk  by  the 
inward  movement  of  the  germ-rudiment.  This  latter  itself  is  only  dimly 
seen  except  at  its  folded  lateral  extremities,  which  stand  out  as  clearly 
defined  curves,  because  here  only  the  denser  yolk  does  not  obscure  the 
translucency  of  the  embryonal  tissue  (fig.  6a).*  This  stage  was  reached 
in  from  12  to  18  hours  after  oviposition,  according  to  temperature. 

Gradually  the  embryo  changes,  until  the  outline  seen  in  fig.  7 a is 
assumed.  Here  again  the  clear  zone  is  due  to  the  absence  of  yolk,  where 
the  embryonic  epithelium  is  closely  doubled  over.  A reference  to  fig.  76 
will  give  an  explanation  of  this  appearance.  It  is  seen  that  the  germ- 
rudiment  is  rolling  inwards  so  that  all  its  edges  approach  one  another, 
while  there  is  a certain  amount  of  elongation  in  the  direction  of  the  long 
axis  of  the  egg. 

The  interval  between  this  and  the  stage  shown  in  fig.  6a  was  2-4  hours. 

Fig.  8a  depicts  the  next  change  observable  in  the  living  egg.  This 
figure  was  drawn  from  the  same  egg  as  fig.  7a,  after  an  interval  of  three 
hours.  The  anterior  and  posterior  masses  of  yolk,  parted  by  the  falling 
inwards  of  the  germ-rudiment,  are  reuniting.  This  union  is  accomplished 
very  slowly,  with  an  amoeba-like  creeping  movement  of  the  extremities 
of  the  two  masses  towards  each  other,  a movement  which  gives  the 
impression  of  great  viscidity.  It  also  begins  to  become  evident  that  the 
entire  vitellus  is  at  this  time  breaking  up  to  form  “ yolk-balls,”  owing  to 

* These  clear  zones  often  exhibit  a faint  transverse  striation,  because,  owing  to  the 
flexure  of  the  embryonal  epithelium,  the  long  axis  of  its  component  cells  is  here  presented 
to  the  observer.  This  appearance  has  led  Graber  and  others  to  describe  the  ventral  plate 
as  surrounded  by  a “ striated  border.” 
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the  action  of  the  vitellophags.  Each  mass  of  yolk,  which  contains  in  its 
centre  a vitellophag  with  one  or  two  nuclei,  eventually  becomes  limited  by 
a cell-boundary  and  forms  a yolk-sphere  (see  also  fig.  4).  Hitherto  the 
yolk-cells  have  multiplied  by  indirect  division,  but  after  the  formation  of 
the  yolk-balls  they  exhibit  no  more  mitotic  figures. 

Meantime  the  germ-rudiment  itself  has  become  crescentic  in  outline, 
due,  as  a reference  to  fig.  8 6 will  show,  to  its  having  accomplished  a turning 
movement,  which  brings  its  opening  to  face  laterally.  By  the  continued 
inward  growth  of  its  edges  it  has  become  pouch-like,  and  its  lateral  aspects 
are  now  very  much  wider  than  the  dorsal  and  ventral  (see  fig.  8c). 

I have  not  met  with  any  allusion  to  a similar  turning  movement  in 
accounts  of  the  development  of  the  germ-rudiment  in  other  Lepidoptera, 
which,  however,  as  stated  above,  are  always  meagre.  Probably  the  turning 
is  much  more  marked  in  Eudemis  than  in  other  Lepidoptera  hitherto  in- 
vestigated, owing  to  the  very  flattened  form  of  the  egg,  the  rotation  being- 
necessary  in  order  to  permit  the  subsequent  growth  of  the  appendages. 

An  observer  of  a living  egg  in  the  state  shown  in  figs.  7 a and  7b  is  unable 
to  predict  whether  the  germ-rudiment  will  turn  to  the  right  or  left. 
Probably  the  direction  is  determined  by  the  origin  of  the  egg  from  the 
right  or  left  ovary,*  and  is  in  accordance  with  “ the  law  of  orientation  ” of 
Hallez,  which  affirms  that  the  cephalic  pole  of  the  egg  within  the  ovary 
is  directed  towards  the  head  of  the  mother,  and  that  its  ventral  and  dorsal 
aspects  are  also  coincidently  fixed,  consequently  also  its  right  and  left  sides. 
A female  Eudemis  kept  in  a small  breeding  cage  with  a glass  front  will 
deposit  many  eggs  on  the  glass,  and  when  development  has  sufficiently 
progressed  it  can  be  clearly  seen  that  while  many  of  the  eggs  contain 
embryos  curved  to  the  right,  the  rest  are  curved  in  the  opposite  direction. 
Further,  a large  number  of  eggs  collected  in  the  open,  removed  from  the 
leaves  and  examined,  showed  that  the  right  and  left  curvatures  were  about 
equally  represented.  It  must  not  be  forgotten  that  the  ultimate  curvature 
of  the  fully  formed  larva  in  the  egg  will  be  in  the  opposite  direction  to 
that  of  the  germ -rudiment  at  the  stage  under  discussion,  owing  to  the 
subsequent  greater  growth  of  the  dorsal  tissues. 

A comparison  of  the  transverse  sections  shown  in  figs.  6c  and  8c  will 
show  that  the  tissue  of  the  germ-rudiment,  though  still  consisting  of  only 
one  layer  of  cells,  has  now  about  doubled  in  thickness,  and  the  altered 
form  of  the  cells  may  be  gathered  by  a comparison  of  figs.  5a  and  56. 

* Whether  an  egg  from  the  right  ovary  produces  a dextrally  or  a sinistrally  turned  germ- 
rudiment  has  not,  so  far  as  I am  aware,  been  ascertained.  A study  of  the  curvature  of 
the  embryo  in  certain  viviparous  insects  might  throw  light  on  this  matter. 
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From  this  stage  the  germ-rudiment  rapidly  assumes  the  form  of  the 
germ-band  (figs.  9a,  96).  The  cells  become  still  more  columnar  and 
closely  apposed.  The  cephalic  end  becomes  bi-lobed,  forming  the  pro- 
cephalic  lobes,  and  remains  comparatively  broad,  while  the  body  grows 
more  slender.  Meanwhile,  down  the  whole  length  of  the  germ-band  on 
its  ventral  (convex)  surface  a narrow  median  groove  appears,  by  the 
sinking  in  and  closing  of  which,  and  the  multiplication  of  the  cells  at  its 
base,  the  “ inner  layer  ” is  formed  (fig.  9c).  Meantime,  the  “ segmentation  ” 
(so-called)  of  the  yolk  is  completed,  and  the  yolk-balls  tend  to  become 
somewhat  polyhedral  from  mutual  pressure  (fig.  9a),  while  the  entire 
vitellus  continues  to  contract,  assuming  a rounded  contour  and  always 
leaving  empty  a broad  peripheral  zone  within  the  envelopes. 

Fig.  106  exhibits  the  embryo  about  fifty  hours  after  oviposition.  With 
the  exception  of  the  procephalic  lobes,  the  embryo  is  fairly  cylindrical  in 
form,  the  ectoderm  having  curved  round  so  as  to  embrace  the  inner  layer, 
save  on  the  dorsal  side  (fig.  10c).  This  is  the  stage  strictly  designated 
“the  germ-band,”  and  in  this  stage  E.  noevana  passes  the  winter,  the 
inner  layer,  but  not  the  ectoderm,  having  become  completely  segmented 
(%.  ii). 

I wish  to  thank  Dr  Ashworth  for  his  kindly  supervision  of  my  work, 
and  the  generous  manner  in  which  he  has  given  me  the  benefit  of  his 
knowledge  and  experience  throughout  its  prosecution. 


EXPLANATION  OF  FIGURES. 

All  the  figures,  including  those  from  the  living  egg,  were  drawn  with  the  camera 
lucida. 

List  of  Reference  Letters. 

A.,  amnion;  C.,  chorion;  F.,  female  pronucleus;  G.R.,  germ-rudiment; 

I.L.,  inner  layer;  M.,  male  pronucleus;  N.,  nucleus;  P.,  periplasm;  P.B.,  polar 
nuclei;  P.L.,  procephalic  lobes;  R.,  Richtungsplasma ; S.,  serosa;  V.,  vacuole; 
Y.G.,  ventral  groove  ; Y.M.,  vitelline  membrane  ; Y.P.,  vitellophags  ; Y.S.,  vitellus; 
Y.,  yolk-body. 

Fig.  1.  Sagittal  section  (not  quite  median)  through  an  egg  about  an  hour  after 
oviposition  (see  p.  157).  A single  section  contained  everything  shown  in  the  figure^ 
with  the  exception  of  the  second  polar  body,  which  occurred  in  the  next  section. 

x 150. 

Figs.  2 a and  26.  Consecutive  sagittal  sections  through  the  Richtungsplasma, 
about  two  hours  and  a half  after  oviposition  (see  p.  159).  x 1000. 
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Fig.  3a.  A cell  from  an  egg  containing  sixteen  cells.  x 1000. 

Fig.  3b.  A cell  from  the  yolk  at  the  period  when  the  newly  formed  blastoderm 
presents  a crenate  outline  (see  p.  158).  x 1000. 

Fig.  4.  Yitellophag  transformed  into  a yolk-ball.  x 1000. 

Fig.  5 a.  Cells  of  the  ventral  plate,  the  amnion,  and  the  serosa  drawn  from  the 
same  egg  as  fig.  6c,  but  from  a section  nearer  to  the  cephalic  border  of  the  ventral 
plate.  x 500. 

Fig.  55.  Greatly  narrowed  and  elongated  cells  of  germ-rudiment,  and  flattened 
amnion  cells  from  the  same  preparation  as  fig.  8c.  x 500. 

Figs.  6a,  7 a,  8a,  and  9a  were  drawn  from  living  eggs.  Explanation  in  the  text, 
pp.  161-163.  x 60. 

Figs.  65,  75,  85,  and  95  show  approximately  corresponding  embryos  after 
fixation.  x 60. 

Fig.  65.  The  fully  formed  ventral  plate,  dorsal  aspect. 

Fig.  75.  The  germ-rudiment,  dorsal  aspect  about  two  hours  older.  Its  edges  are 
rolling  inwards,  while  the  longitudinal  axis  increases  somewhat  in  length. 

Fig.  85.  The  germ-rudiment  has  assumed  a pouch  form,  and  has  rotated  through 
90  degrees  to  the  left  (lateral  aspect). 

Fig.  95.  The  embryo  changing  into  the  “ germ-band  ” (lateral  aspect). 

Fig.  105.  A germ-band  with  dextral  aspect.  x 60. 

Fig.  115.  A sinistrally  turned  germ-band  seven  days  after  oviposition.  The 
inner  layer  has  segmented.  x 60. 

Fig.  6c.  Transverse  section  of  an  egg  (cf.  fig.  65)  to  show  the  origin  of  the 
amnion  and  its  relation  to  the  ventral  plate  and  the  serosa  (see  p.  160).  In  this  and 
the  following  figures  the  dorsal  surface  is  uppermost.  x 200. 

Fig.  7c.  Transverse  section  of  a slightly  more  advanced  stage  than  fig.  75,  the 
embryo  beginning  to  rotate  (see  p.  161).  x 200. 

Fig.  8c.  Transverse  section  of  the  stage  represented  by  fig.  85  (see  p.  162).  x 200. 

Fig.  9c.  Transverse  section  of  the  same  stage  as  fig.  95,  showing  the  medium 
groove  and  the  inner  layer.  x 200. 

Fig.  10c.  Transverse  section  of  an  embryo  in  the  same  stage  as  fig.  105.  x 200. 
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XVI. — Mirage  on  the  Queensferry  Road.  By  Alexander  G.  Ramage. 

(MS.  received  July  8,  1918.  Read  July  8,  1918.) 

Most  of  us  who  have  thought  at  all  of  mirage  have  thought  of  it  as  a 
phenomenon  belonging  essentially  to  distant  parts  of  the  world,  such  as 
the  great  Sahara  Desert.  Few  of  us  would  not  be  surprised  to  find  it 
almost  a daily  spectacle  on  a familiar  road  so  near  our  city. 

You  may  imagine  my  surprise  when,  in  the  early  days  of  April  of  this 
year,  while  walking  westward  along  the  Queensferry  Road,  and  when 
opposite  the  quarry  at  the  north  end  of  Corstorphine  Hill  near  the  point 
at  which  the  Corstorphine  Hill  road  joins  the  Queensferry  Road,  I saw  on 
the  surface  of  the  road,  at  a distance  of  about  one  and  a half  the  spacing 
of  the  telegraph  poles  (they  are  about  50  paces  apart),  what  appeared  to  be 
pools  of  clear  water  reflecting  the  green  grass  and  foliage  very  clearly,  and 
further  down  the  road  other  pools.  As  I watched,  a white  horse  with  a 
rider  went  along,  and  as  it  passed  beyond  the  “ pools  ” of  the  mirage  water 
(the  road  being  perfectly  dry)  it  was  reflected,  with  the  effect  that  the 
horse  appeared  to  be  about  twice  its  height,  as  if  on  stilts. 

The  day  was  one  of  bright  sunshine.  As  one  walked  toward  the  pools 
they  vanished.  The  air  over  the  road  was  “ dancing,'’  and  the  cross-bars  of 
the  telegraph  poles  and  the  white  non-conductors  to  which  the  wires  are 
attached  appeared  to  be  in  a state  of  shimmering  agitation.  I retraced  my 
steps,  and  came  toward  the  phenomenon  again.  As  it  came  in  view,  near 
the  ground  about  one  or  two  inches  above,  appeared  dark  flames  merging 
into  the  “ dancing”  air.  The  phrase  “living  water”  might  be  used  to  de- 
scribe an  appearance  of  the  phenomenon.  As  the  eye  rose  above  this  dark 
line  (on  other  occasions  a silvery  band)  the  nearer  pools  appeared.  Fearing 
I might  be  considered  the  victim  of  hallucination  if  I recounted  what  I 
had  seen,  I held  my  peace,  but  revisited  the  place  regularly,  and  one  day 
a young  carter,  who  stopped  to  water  his  horse,  and  observed  my  genu- 
flexions (moving  the  eye  up  and  down  improves  one’s  observation  of 
the  phenomenon),  asked  me  if  I was  looking  at  the  water  on  the  road. 

“ It  isn’t  there,”  he  observed.  I explained  to  him  he  had  seen  mirage, 
and  I felt  relieved.  I reported  what  I had  seen  to  Dr  Knott  of  this 
Society,  then  proceeded  to  get  witnesses,  with  the  following  results : — 

May  31,  1918.  Weather  brilliant.  12.45  p.m.  Sun  hot,  little  cloud, 
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slight  haze,  light  west  wind.  Usual  point  of  observation  on  the  Queens- 
ferry Road. 

Mirage  water  on  road,  very  well  defined,  in  several  large  patches,  grass, 
etc.,  clearly  reflected.  I saw  the  wheels  of  a motor  vehicle  distorted  by  the 
reflection,  on  passing  over  a patch.  I drew  the  attention  of  a passer-by 
to  the  phenomenon.  He  said  that  he  saw  it  clearly,  and  was  much  struck 
with  it. 

June  2,  1918.  Sunday,  bright  sunshine,  hot  west  wind.  After  church 
walked  to  usual  observation-point,  accompanied  by  two  friends.  We  had  a 
fine  exhibition  of  the  road  mirage,  seeing  several  “ pools  ” with  reflection  of 
the  green  grass,  etc. 

June  3.  5.15  p.m.  Was  overtaken  near  Craigleith  Station  by  Lieutenant- 
Commander  Robert  Alexander,  R.N.R.,  in  a motor  car,  which  he  invited  me 
to  enter.  Above  Blackhall  we  saw  a patch  of  mirage  on  the  road,  and  I 
proposed  we  should  go  on  to  my  usual  observation-point,  which  we  did,  and 
saw  the  appearance  of  “reflecting  water”  very  well.  We  were  joined  by 
a well-known  manufacturer  of  Leith,  who  also  observed  it. 

June  4.  Glorious  sunshine,  clear  sky,  east  wind.  I took  the  Rev. 
Mr  Mitchell,  U.F.C.  minister  of  Davidson’s  Mains,  to  my  usual  point  of 
observation,  and  saw  very  perfect  mirage,  like  pools  of  water  reflecting 
clearly  the  green  grass  and  leaves. 

Later  the  same  day,  about  5 p.m.,  Dr  Knott  accompanied  me  to  the 
same  place.  The  mirage  pools  were  still  well  in  evidence. 

June  18.  Sky  cloudy,  occasional  gleams  of  sunshine,  wind  cool  to  cold. 
At  midday  I walked  up  to  my  usual  observation-point.  As  I neared  the 
summit  of  the  eminence  at  the  quarry,  I saw  across  the  road  a silvery  band, 
a few  inches  in  depth.  As  my  eye  rose  above  it  the  “ pools  ” of  water 
appeared  on  its  top  surface.  As  I moved  towards  the  spot  (about  sixty 
yards  off)  it  disappeared.  The  road  was  perfectly  dry.  I observed  this 
silvery  band  before,  on  a day  when  the  sunshine  was  intermittent  and 
the  wind  cold. 

June  19,  1918,  Wednesday.  Wind  light  easterly.  At  12.30  p.m.,  in 
bright  sunshine,  I was  walking  through  Blackhall  village  towards 
Davidson’s  Mains,  and  ascending  the  hill,  when,  opposite  St  Columba’s 
Church,  I saw  the  silvery  belt  I have  already  described,  extending  across 
the  road,  and  a tree  which  rose  above  the  horizon  of  the  incline  appeared 
like  an  island  in  a lake,  the  belt  of  silver  being  between  the  crest  of  the 
road  and  the  tree. 

The  Queensferry  Road  at  the  parts  referred  to  is  made  up  of  bitumen 
and  road  metal  and  is  sheltered. 
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This  mirage  appears  to  be  a daily  affair  in  sunny  weather,  not  an  elusive 
phantom  but  a robust  phenomenon. 

So  far  as  I can  gather  from  the  literature  of  the  subject,  some  of  the 
features  seem  to  be  novel.  As  I have  had,  owing  to  what  I might  describe 
as  the  permanency  of  the  phenomenon  on  this  road,  possibly  unusual 
opportunities  of  observing  it,  may  I be  permitted  to  refer  specially  to  a 
few  of  these  ? 

Lying  down  on  the  road  and  looking  along  its  surface,  one  sees  a long 
stretch  of  the  road  apparently  reflecting  figures  with  their  colours.  One 
sees  black  and  silvery  emanations  from  the  surface  of  the  road  when 
the  mirage  is  seen,  some  of  these  distinctly  local.  The  bituminous  surface 
of  this  road,  when  parts  are  taken  off  and  examined  under  the  microscope, 
is  covered  with  small  particles  of  sand  or  quartz  which  show  brilliantly 
in  sunshine. 

That  the  lighter  of  these  particles  are  rising  into  the  air  where  mirage 
is  visible,  I have  proved  by  pulling  a small  sledge  over  the  road,  having 
rough  cardboard  coated  with  gum  placed  about  1 1 inch  above  the  road 
surface,  and  getting  upon  it  a deposit  of  the  crystals. 

The  part  that  bitumen  plays  in  this  example  of  the  phenomenon  is,  I 
think,  to  absorb  and  retain  the  solar  heat  (the  phenomenon  persists  when 
the  sun  is  temporarily  obscured  by  clouds),  and  the  convection  currents  carry 
up  the  brilliant  particles  which,  with  those  embedded,  I think  constitute  the 
silvery  band  referred  to. 


{Issued  separately  September  26,  1918.) 
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XVII. — Studies  in  Clocks  and  Time-keeping : No.  2.  Tables  of 
the  Circular  Equation.  By  Professor  R.  A.  Sampson,  F.R.S. 

(MS.  received  and  read  June  3,  1918.) 

The  period  of  oscillation  of  a free  pendulum  increases  with  the  arc  of 
oscillation.  This  effect  is  known  technically  as  the  Circular  Error.  Its 
theoretical  amount  for  the  simple  pendulum  is  readily  calculated,  and  the 
following  tables  give  it.  I have  called  it  the  Circular  Equation  in  place  of 
the  Circular  Error,  employing  the  word  equation  in  its  astronomical  mean- 
ing of  a theoretical  numerical  adjustment  of  a result,  and  distinguishing 
it  thus  from  discrepancies  of  unknown  source  and  amount  which  may 
also  present  themselves.  The  relation  between  arc  and  rate  in  the 
maintained  motion  of  the  pendulum  of  a clock  will  be  a subject  for  exam- 
ination experimentally  and  otherwise  in  future  numbers  of  these  studies. 
It  may  contain  several  elements,  but  must  include  the  Circular  Equation 
among  them. 

There  are  two  tables.  The  first  shows  the  value  in  terms  of  true 
seconds  of  the  period  of  a complete  semi-oscillation  for  all  semi-arcs  of 
oscillation  up  to  300',  and  the  consequent  losing  rate  per  day  of  a pen- 
dulum which  would  swing  true  seconds  for  zero  arc.  The  second  table 
shows  for  the  same  series  of  arcs  the  time  occupied  to  swing  any  portion 
of  those  arcs,  first  in  terms  of  its  own  seconds  and  then  in  phase  angle, 
taking  90°  to  the  quarter  oscillation. 

The  following  examples  illustrate  the  use  of  the  tables : — 

I.  What  is  the  period  for  a semi-arc  of  120'  of  a pendulum  which 
swings  true  seconds  for  zero  arc  ? 

Entering  Table  I.  with  argument  a = 120',  we  see  that  it  is 
1*0000  7616. 

II.  If  the  semi-arc  of  oscillation  increases  from  100'  to  101  ',  what  is 
the  consequent  loss  in  rate  per  day  ? 

From  Table  I,  the  daily  rate  relative  to  the  simple  pendulum 
with  zero  arc  is  4S,570  for  100'  and  4S*662  for  101';  the  difference 
gives  the  answer  to  the  question,  viz.  0S,092. 

III.  If  the  free  oscillation  of  the  pendulum  (“  supplemental  arc  ”)  begins 
at  60',  and  the  whole  semi-arc  is  150',  what  fraction  of  time 
does  the  supplemental  arc  occupy? 
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Enter  Table  II  for  a = 150'  with  argument  0 = 60",  and  we 
find  that  the  time  up  to  this  point  is  0S131.  Hence  the  time 
given  to  free  oscillation  in  this  quarter  period  is  0S,500  — 0ST31 
= 0S*369. 

IV.  What  is  the  phase  angle  \[s  corresponding  to  time  0S,37  from  the 
lowest  position  of  the  pendulum  ? 

Enter  any  member  of  Table  II  with  £ = 0S,37,  e.g.,  a = 300', 
and  we  get  i//-  = 660,6. 

The  theory  runs  thus.  If  l is  the  length  of  the  simple  pendulum 
swinging  true  seconds  for  zero  arc  we  have 

and  the  equation  of  its  motion  when  swinging  to  extreme  excursion  a is 

l(d6/dt)2  = 2g  (cos  0 - cos  a) ; 

hence  the  time  taken  to  pass  from  the  vertical  to  the  position  0 is 


t = 2\l(lh)  I dof sin2  f - sin2  | 


or  writing 


6 a • . 

Sill  — = Sill  - Sill  l b 

4)  o r 


t — 


1 ft 


7 T 


but 


so  that 


dij/(l  - sin2  ^ sin2 1 fr)  ^ 

n 1 ' °)  f $ 

xf/  + ^ sin2  — I sin2  ifrdif/  + — - | sin4  if/dif/  + , 
2 .'o  2 4 A 

j ^ sin2 1 f/dif/  =2t~i  sin  2^ 

sin4  if/dif/  =s4r~i  s^n  sin 


_ 


t = 


l2 


, , * • oa  12,32  . , a 

1 + — . S11V  - + _ Sill4  — + 


7 T 

sin  2 1 J/ 

7 r 

sin  4 1// 


— . sur  — f-  „ „ 
')d  2 22>42 


■i  • o OL  •>  • a CL 

i sm  77  + A sm  77  + 


7 r 


A QllT^fi 

2 5 6 blli  g ^ * 


+ 


Table  I gives  for  the  complete  semi-oscillation  (\Js  = tt)  the  value  of  the 
excess  of  t over  1 sec.;  (ta  — 1)  for  each  semi-arc  a from  O'  to  300',  and  also 
the  accumulated  value  of  this  excess  in  a day  of  86,400  secs. 

Table  II  gives  the  values  of  \Js  and  t for  each  value  of  0,  for  the  series 
of  semi-arcs  a = 10',  20',  . . a 3002 
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Table  I. 


a 

ta — 1 

A 

Daily 

A 

i 

a 

ta — 1 

A 

Daily 

A 

rate 

rate 

/ 

1 

s 

1 

i 

/ 

s 

0 

1 

2 

-0000  0000 

00 

02 

0 

2 

Q 

0-000 

0 

2 

2 

2 

3 

37 

38 

39 

0-000  0724 
764 
804 

40 

40 

42 

0-626 

660 

695 

34 

35 

36 

3 

05 

o 

3 

4 

40 

846 

43 

0-731 

37 

4 

08 

7 

i 

41 

889 

44 

45 

46 

768 

38 

39 

40 

5 

6 

13 

19 

o 

6 

7 

11 

16 

Tfc 

5 

6 

42 

43 

933 

978 

806 

845 

7 

8 

26 

34 

8 

9 

10 

22 

29 

7 

8 
9 

44 

45 

1024 

1071 

47 

48 

49 

885 

925 

40 

42 

43 

9 

43 

37 

46 

1119 

967 

10 

53 

11 

0-046 

9 

47 

48 

1168 

1219 

51 

51 

52 

1-010 

1-053 

43 

44 

45 

11 

12 

64 

76 

12 

55 

66 

i 11 

49 

1270 

1-097 

13 

89 

13 

15 

77 

11 

13 

50 

1322 

54 

1-142 

47 

14 

104 

15 

16 
18 

90 

13 

14 

15 

51 

1376 

54 

56 

56 

1-189 

47 

48 

49 

15 

119 

103 

52 

1430 

1-236 

16 

135 

117 

53 

1486 

1-284 

17 

153 

18 

20 

21 

132 

16 

17 

18 

54 

1542 

58 

59 
59 

1-333 

49 

51 

52 

18 

171 

148 

55 

1600 

1-382 

19 

191 

165 

56 

1659 

1-433 

20 

212 

21 

0-183 

19 

57 

58 

1718 

1779 

61 

62 

63 

1-485 

1-538 

53 

53 

54 

21 

22 

233 

256 

23 

24 

25 

202 

221 

19 

21 

21 

59 

1841 

1-591 

23 

280 

242 

60 

1904 

64 

1-645 

55 

24 

25 

305 

331 

26 

27 

28 

263 

286 

23 

23 

24 

61 

62 

1968 

2033 

65 

66 
67 

1-700 

1-756 

56 

57 
59 

26 

358 

309 

63 

2099 

1-823 

27 

386 

29 

30 

31 

333 

25 

26 
27 

64 

2166 

69 

69 

70 

1-872 

59 

60 
60 

28 

415 

358 

65 

2235 

1-931 

29 

445 

384 

66 

2304 

1-991 

30 

476 

32 

0-411 

28 

67 

68 

2374 

2446 

72 

72 

73 

2-051 

2-113 

62 

63 

63 

31 

32 

508 

542 

34 

34 

35 

439 

468 

29 

30 
30 

69 

2518 

2-176 

33 

| 

576 

498 

70 

2591 

75 

2-239 

65 

34 

35 

611 

648 

37 

37 

39 

0-528 

560 

32 

32 

34 

71 

72 

2666 

2742 

76 

77 
77 

2-304 

2-369 

65 

66 
68 

36 

•0000  0685 

592 

73 

•0000  2819 

2-435 

i 
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Table  I — continued. 


a 

ta—  1 

A 

Daily 

A 

a 

ta~  1 

A 

Daily 

A 

rate 

rate 

74 

•0000  2896 

79 

80 
81 

s 

2-503 

68 

69 

70 

75 

2975 

2-571 

76 

3055 

2-640 

77 

3136 

82 

83 

84 

2-710 

70 

72 

72 

78 

79 

3218 

3301 

2-780 

2-852 

80 

3385 

85 

2-924 

74 

81 

82 

83 

3470 

3556 

3644 

86 

88 

88 

2- 998 

3- 073 
3-148 

75 

75 

77 

84 

85 

86 

3732 

3821 

3912 

89 

91 

91 

3-225 

3-302 

3-380 

77 

78 

79 

87 

4003 

93 

93 

95 

3-459 

80 

81 

82 

88 

4096 

3-539 

89 

4189 

3-620 

90 

4284 

96 

3-702 

82 

91 

92 

93 

4380 

4477 

4574 

97 

97 

99 

3-784 

3-868 

3-953 

84 

85 
85 

94 

95 

96 

4673 

4773 

4874 

100 

101 

102 

4-038 

4-124 

4-212 

86 

88 

88 

97 

98 

99 

4976 

5080 

5184 

104 

104 

105 

4-300 

4-389 

4-479 

89 

90 

91 

100 

5289 

106 

4-570 

92 

101 

5395 

108 

108 

110 

4-662 

93 

93 

95 

102 

5503 

4-755 

103 

5611 

4-848 

104 

5721 

110 

112 

112 

4-943 

95 

97 

97 

105 

5831 

5-038 

106 

5943 

5-135 

107 

6055 

114 

115 

116 

5-232 

98 

99 
100 

108 

6169 

5-330 

109 

6284 

5-429 

110 

•0000  6400 

117 

5-529 

102 

111 

112 

113 

•0000  6517 
6635 
6754 

118  ! 

119 

120 

s 

5-631 

5-733 

5-836 

102 

103 

103 

114 

115 

116 

6874 

6995 

7117 

121 

122 

123 

5- 939 

6- 044 
6-149 

105 

105 

107 

117 

118 
119 

7240 

7364 

7490 

124 

126 

126 

6-256 

6-363 

6-471 

1 

107 

108 
109 

123 

7616 

127 

6-580 

110 

121 

122 

123 

7743 

7871 

8000 

128 

129 

131 

- 6-690 
6-801 
6-912 

111 

111 

112 

124 

125 

126 

8131 

8263 

8396 

132 

133 

134 

7-024 

7-138 

7-253 

114 

115 

116 

127 

8530 

135 

136 
138 

7-369 

117 

118 
119 

128 

129 

8665 

8801 

7-486 

7-604 

130 

8939 

138 

7-723 

119 

131 

132 

9077 

9216 

139 

140 

141 

7-842 

7-962 

120 

121 

122 

133 

9356 

8*083 

134 

135 

136 

9497 

9639 

9782 

142 

143 

144 

8-205 

8-328 

8-452 

123 

124 

125 

137 

138 

139 

9926 
1 0072 
1 0219 

146 

147 

148 

8-577 

8-703 

8-830 

126 

127 

127 

140 

1 0367 

149 

8-957 

129 

141 

142 

1 0516 
1 0666 

150 

151 

152 

9-086 

9-216 

130 

130 

131 

143 

1 0817 

9-346 

144 

145 

1 0969 
1 1122 

153 

154 

155 

9-477 

9-609 

1 132 

133 

134 

146 

•0001  1276 

9-742 

1 
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Table  I — continued. 


a 

ta~ 

1 

A 

Daily 

rate 

A 

a 

tcL-  1 ' 

A 

Daily 

rate 

A 

147 

•0001 

1431 

156 

157 
157 

s 

9-876 

135 

135 

136 

184 

•0001  7907 

195 

196 

197 

s 

15-472 

168 

169 

170 

148 

1 

1587 

10-011 

185 

1 8102 

15-640 

149 

1 

1844 

10-146 

186 

1 8298 

15-809 

159 

1 

1901 

159 

10-282 

137 

187 

188 

1 8495 
1 8694 

199 

200 
201 

15- 979 

16- 151 

172 

173 

174 

151 

152 

1 

1 

2060 

2220 

160 

161 

162 

10-419 

10-557 

138 

139 

140 

189 

1 8894 

16-324 

153 

1 

2381 

10-696 

190 

1 9095 

201 

16-498 

174 

154 

1 

2543 

164 

165 

166 

10-836 

141 

142 

143 

191 

1 9296 

202 

204 

205 

16-672 

175 

176 

177 

155 

1 

2707 

10-977 

192 

1 9498 

16-847 

156 

1 

2872 

11-119 

193 

1 9702 

17-023 

157 

1 

3038 

167 

167 

168 

11-262 

144 

146 

147 

194 

1 9907 

206 

207 

208 

17-200 

178 

179 

180 

158 

1 

3205 

11-406 

195 

2 0113 

17-378 

159 

1 

3372 

11-552 

196 

2 0320 

17-557 

160 

1 

3540 

169 

11-699 

146 

197 

198 

2 0528 
2 0737 

209 

210 
211 

17-737 

17-918 

181 

161 

162 

1 

1 

3709 

3880 

171 

172 

173 

11-845 

11-992 

147 

149 

149 

199 

2 0847 

18-099 

loJL 

182 

163 

1 

4052 

12-141 

209 

2 1158 

212 

18-281 

183 

164 

1 

4225 

174 

175 

176 

12-290 

150 

151 

152 

201 

2 1370 

213 

214 

215 

18-464 

184 

185 

186 

165 

1 

4399 

12-440 

202 

2 1583 

18-648 

166 

1 

4574 

12-591 

203 

2 1797 

18-833 

167 

1 

4750 

177 

179 

180 

12-743 

153 

155 

156 

204 

2 2012 

216 
218 
' 219 

19-019 

187 

188 
189 

168 

1 

4927 

12-896 

205 

2 2228 

19-206 

169 

1 

5106 

13-051 

206 

2 2446 

19-394 

170 

1 

5286 

181 

13-207 

156 

207 
1 208 

2 2665 
2 2885 

220 

221 

222 

19-583 

19-773 

190 

191 
191 

171 

172 

1 

1 

5467 

5649 

182 

183 

184 

13-363 

13-520 

157 

158 

159 

209 

2 3106 

19-964 

173 

1 

5832 

13-678 

210 

2 3328 

223 

20-155 

193 

174 

1 

6016 

185 

186 
186 

13-837 

160 

161 

161 

211 

2 3551 

224 

225 

226 

20-348 

194 

194 

195 

175 

1 

6201 

13-997 

212 

2 3775 

20-542 

176 

1 

6387 

14-158 

213 

2 4000 

20-736 

177 

1 

6573 

187 

188 
189 

14-319 

162 

162 

163 

214 

2 4226 

227 

228 
229 

20-931 

196 

197 

198 

178 

1 

6760 

14-481 

215 

2 4453 

21-127 

179 

1 

6948 

14-643 

216 

2 4681 

21-324 

180 

1 

7137 

191 

14-806 

165 

217 

218 

2 4910 
2 5140 

230 

231 
231 

21-522 

21-721 

199 

199 

200 

181 

182 

1 

1 

7328 

7520 

192 

193 

194 

14- 971 

15- 137 

166 

167 

168 

219 

2 5371 

21-920 

183 

•0001 

7713 

15-304 

220 

•0002  5602 

233 

22-120 

201 

174 
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Table  I — continued. 


a 

ta~  1 

A 

Daily 

rate 

A 

a 

ta~  1 

A 

Daily 

rate 

A 

221 

222 

223 

I 

•0002  5835 
2 6069 
2 6304 

234 

235 

236 

s 

22-321 

22-523 

22-726 

202 

203 

204 

261 

262 

263 

-0003  6039 
3 6316 
3 6594 

277 

278 

279 

s 

31-137 

31-376 

31-616 

239 

240 

241 

224 

225 

226 

2 6540 
2 6777 
2 7016 

237 

239 

240 

22- 930 

23- 135 
23-341 

205 

206 
207 

264 

265 

266 

3 6873 
3 7153 
3 7434 

280 

281 

282 

31- 857 

32- 099 
32-342 

242 

243 

244 

227 

228 
229 

2 7256 
2 7497 
2 7739 

241 

242 
244 

23-548 

23-756 

23-966 

208 

210 

211 

267 

268 
269 

3 7716 
3 7999 
3 8283 

283 

284 
284 

32-586 

32- 831 

33- 076 

245 

245 

246 

230 

2 7983 

244 

24-177 

211 

270 

3 8567 

286 

33-322 

247 

231 

232 

233 

2 8227 
2 8472 
2 8718 

245 

246 

247 

24-388 

24-600 

24-813 

212 

213 

213 

271 

272 

273 

3 8853 
3 9140 
3 9428 

287 

288 
289 

33-569 

33- 817 

34- 066 

248 

249 

250 

234 

235 

236 

2 8965 
2 9213 
2 9462 

248 

249 

250 

25-026 

25-240 

25-455 

214 

215 

216 

274 

275 

276 

3 9717 

4 0007 
4 0299 

290 

292 

293 

34-316 

34-567 

34-819 

251 

252 

253 

237 

238 

239 

2 9712 

2 9964 

3 0218 

252 

253 
253 

25-671 

25- 889 

26- 108 

218 

219 

219 

277 

278 

279 

4 0592 
4 0886 
4 1181 

294 

295 
297 

35-072 

35-326 

35-581 

254 

255 

256 

240 

3 0471 

255 

26-327 

220 

280 

4 1478 

297 

35-837 

257 

241 

242 

243 

3 0726 
3 0982 
3 1239 

256 

257 
257 

26-547 

26-768 

26-990 

221 

222 

223 

281 

282 

283 

4 1775 
4 2073 
4 2372 

298 

299 

300 

36-094 

36-351 

36-609 

257 

258 

259 

244 

245 

246 

3 1496 
3 1754 
3 2013 

258 

259 
261 

27-213 

27-436 

27-660 

223 

224 
226 

284 

285 

286 

4 2672 
4 2973 
4 3275 

301 

302 

303 

36- 868 

37- 128 
37-389 

260 

261 

262 

247 

248 

249 

3 2274 
3 2536 
3 2799 

262 

263 

264 

27- 886 

28- 113 
28-340 

227 

227 

228 

287 

288 
289 

4 3578 
4 3882 
4 4187 

304 

305 
307 

37-651 

37- 914 

38- 178 

263 

264 

265 

250 

3 3063 

265 

28-568 

229 

290 

4 4494 

308 

38-443 

266 

251 

252 

253 

3 3328 
3 3594 
3 3861 

266 

267 

268 

28- 797 

29- 027 
29-258 

230 

231 

232 

291 

292 

293 

4 4802 
4 5111 
4 5421 

309 

310 
310 

38-709 

38- 976 

39- 244 

267 

268 
268 

254 

255 

256 

3 4129 
3 4398 
3 4669 

269 

271 

272 

29-490 

29-722 

29-956 

232 

234 

235 

294 

295 

296 

4 5731 
4 6042 
4 6354 

311 

312 
314 

39-512 

39- 781 

40- 051 

269 

270 

271 

257 

258 

259 

3 4941 
3 5214 
3 5488 

273 

274 

275 

30-191 

30-426 

30-662 

235 

236 

237 

297 

298 

299 

4 6668 
4 6983 
4 7299 

315 

316 

317 

40-322 

40-594 

40-867 

272 

273 
273 

260 

•0003  5763 

276 

30-899 

238 

300 

•0004  7616 

t 

1 

41-140 
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Table  II. 


e 

t 

i 

V 

d 

t 

V 

6 

t 

! v 

a = 10' 

a = 30' 

O 

•'sH 

II 

S3 

s 

s 

o 

s 

0 

0-000 

0-0 

0 

0-000 

0-0 

6 

0-000 

0-0 

i 

■032 

5-7 

1 

•Oil 

1-9 

i 

•008 

1-4 

2 

•064 

11-5 

2 

•021 

3-8 

2 

•016 

2-9 

3 

•097 

17-5 

3 

•032 

5-7 

3 

•024 

4-3 

4 

•131 

23-6 

4 

•042 

7-7 

4 

•032 

5-7 

5 

•167 

30-0 

5 

•053 

9-6 

5 

•040 

7-2 

6 

•205 

36-9 

6 

•064 

11-5 

6 

•048 

8-6 

7 

•247 

44-4 

7 

•075 

13-5 

7 

•056 

10-1 

8 

•295 

53-1 

8 

•086 

15-5 

8 

•064 

11-5 

9 

•356 

64-2 

9 

•097 

17-5 

9 

•072 

13-0 

10 

0-500 

90-0 

10 

•108 

19-5 

10 

•080 

i— i 
6i 

11 

•120 

21-5 

12 

•131 

23-6 

11 

•089 

16-0 

on' 

13 

•143 

25-7 

12 

•097 

17-5 

a - — ZU 

13 

•105 

19-0 

0 

0-000 

0-0 

14 

•155 

27-8 

15 

•167 

30-0 

14 

•114 

20-5 

I 

•016 

2-9 

16 

•179 

32-2 

15 

•122 

22-0 

2 

•032 

5-7 

16 

•131 

23-6 

3 

•048 

8-6 

17 

•192 

34-5 

18 

•205 

36-9 

17 

•140 

25-2 

4 

•064 

11-5 

19 

•218 

39-3 

18 

•149 

26-7 

5 

•080 

14-5 

19 

•158 

284 

6 

•097 

17-5 

20 

•232 

41-8 

20 

•167 

30-0 

7 

•114 

20-5 

21 

•247 

42-4 

8 

•131 

23-6 

22 

•262 

47-2 

21 

•176 

31-7 

9 

•149 

26-7 

23 

•278 

50-1 

22 

•185 

334 

23 

•195 

35-1 

10 

•167 

30-0 

24 

•295 

53-1 

25 

•314 

56-4 

24 

•205 

36-9 

11 

•185 

33-4 

26 

•334 

60-1 

25 

•215 

38-7 

12 

•205 

36-9 

26 

•225 

40-5 

13 

•225 

40-5 

27 

•356 

64-2 

28 

•383 

690 

27 

•236 

42-5 

14 

•247 

44-4 

29 

•417 

75-2 

28 

•247 

444 

15 

•270 

48-6 

29 

•258 

46-5 

16 

•295 

531 

30 

0-500 

90-0 

17 

•323 

58-2 

30 

•270 

48-6 

18 

•356 

69-2 

19 

•399 

71-8 

31 

•282 

50-8 

32 

•295 

53-1 

20 

0-500 

90-0 

33 

0-309 

55-6 
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Table  II — continued. 


6 

t 

V>  | 

6 

t 

w | 

Q 

t 

V 

a = 

40 ' — continued 

a = 

50 ' — continued 

a — 

60  '—continued 

s 

s 

s 

34 

0-323 

58-2 

24 

0-159 

28-7 

4 

0-021 

3-8 

35 

•339 

61-0 

25 

•167 

30-0 

5 

•027 

4-8 

36 

•356 

64-2 

26 

•174 

31-3 

6 

•032 

5-7 

37 

•376 

67-7 

27 

•182 

32-7 

7 

•037 

6-7 

38 

•399 

71-8 

28 

•189 

34-1 

8 

•043 

7-7 

39 

•429 

77-2 

29 

•197 

35-5 

9 

•048 

8-6 

40 

0-500 

90-0 

30 

•205 

36-9 

10 

•053 

9-6 

11 

■059 

10-6 

31 

•213 

38-3 

12 

•064 

11-5 

i 

32 

•221 

39-8 

13 

•070 

12-5 

33 

•229 

41-3 

14 

•075 

13-5 

a = 50' 

34 

•238 

42-8 

15 

•080 

14-5 

35 

•247 

44-4 

16 

•086 

15-5 

0 

0-000 

0-0 

36 

•256 

46-1 

17 

•091 

16-5 

1 

•006 

11 

37 

•265 

47-7 

18 

•097 

17-5 

2 

•013 

2-3 

38 

•275 

49-5 

19 

•103 

18-5 

3 

•019 

3-4 

39 

•285 

51-3 

20 

•108 

19-5 

4 

•025 

4-6 

40 

•295 

53-1 

5 

•032 

5-7 

21 

•114 

20-5 

6 

•038 

6-9 

41 

•306 

55-1 

22 

•120 

21-5 

42 

•317 

57-1 

23 

•125 

22-5 

7 

•045 

8-0 

43 

•330 

59-3 

8 

•051 

9-2 

24 

•131 

23-6 

9 

•058 

10-4 

44 

•342 

61  -6 

25 

•137 

24-6 

45 

•356 

64-2 

26 

•143 

25-7 

10 

•064 

11*5 

46 

•372 

66-9 

27 

•149 

26-7 

11 

•071 

12-7 

47 

•389 

70-1 

28 

•155 

27-8 

12 

•077 

13-9 

48 

•410 

73-7 

29 

•161 

28-9 

13 

•084 

15-1 

49 

•436 

78-5 

30 

•167 

30-0 

14 

•090 

16-1 

50 

1 0-500 

90-0 

31 

•173 

31-1 

15 

•097 

17-5 

32 

•179 

32-2 

16 

•104 

18-7 

33 

•185 

33-4 

17 

•110 

19-9 

34 

•192 

34-5 

18 

•117 

211 

35 

•198 

35-7 

19 

•124 

22-3 

a — 60; 

36 

•205 

36-9 

20 

•131 

23-6 

0 

0-000 

0-0 

37 

•212 

38-1 

38 

•218 

39-3 

21 

•138 

24-8 

1 

•005 

1-0 

39 

•225 

40-5 

22 

•145 

26-1 

2 

•Oil 

1-9 

23 

i 

0-152 

27-4 

3 

0-016 

2-9 

40 

0-232 

41-8 
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Table  II — continued. 


d 

t 

V 

6 

t 

V>  J 

Q 

t 

1 

V 

a - 

60 ' — continued 

a — 

7 0 ' — continued 

a ■= 

70' — continued 

s 

s 

s 

o 

41 

0-239 

431 

11 

0 050 

9-0 

47 

0-234 

42-2 

42 

•247 

44-4 

12 

•055 

9-9 

48 

•240 

43-3 

43 

•254 

45-8 

13 

•059 

10-7 

49 

•247 

44-4 

44 

•262 

47-2 

14 

•064 

11-5 

50 

•253 

45-6 

45 

•270 

48-6 

15 

•069 

12-4 

46 

•278 

50-1 

16 

•073 

13-2 

51 

•260 

46-8 

52 

•267 

48-0 

47 

•286 

51-6 

17 

•078 

14-1 

53 

•273 

49-2 

48 

•295 

531 

18 

•083 

14-9 

49 

•304 

54-8 

19 

•088 

15-8 

54 

•280 

50-5 

55 

•288 

51-8 

50 

•314 

56-4 

20 

•092 

16-6 

56 

•295 

531 

51 

•323 

58-2 

21 

•097 

17-5 

57 

•303 

I 

54-5 

52 

•334 

601 

22 

•102 

18-3 

58 

•311 

56-0 

53 

•345 

62-0 

23 

•107 

19-2 

59 

•319 

57-4 

54 

•356 

64-2 

24 

•111 

20-1 

60 

•328 

59-0 

55 

•369 

66-4 

25 

•116 

20-9 

i 56 

•383 

69-0 

26 

•121 

21-8 

61 

•337 

60-6 

62 

•346 

62-3 

57 

•399 

71-8 

27 

•126 

22-7 

63 

•356 

64-2 

58 

•418 

75-2 

28 

•131 

23-6 

59 

•442 

79-5 

29 

•136 

24-5 

64 

•367 

66-1 

65 

•379 

68-2 

60 

0-500 

90-0 

30 

•141 

25-4 

66 

•392 

70-5 

31 

•146 

26-3 

67 

•406 

73-2 

32 

•151 

27-2 

68 

•424 

76-3 

33 

•156 

28-1 

69 

•446 

80-3 

a — 70' 

34 

•161 

29-1 

70 

0-500 

90-0 

35 

•167 

30-0 

0 

0-000 

0-0 

36 

•172 

310 

1 

•005 

0-8 

37 

•177 

31-9 

2 

•009 

1-6 

38 

•183 

32-9 

3 

•014 

2-5 

39 

•188 

33-9 

O 

00 

II 

4 

•018 

3-3 

40 

•194  > 

34-9 

0 

0-000 

00 

5 

•023 

4-1 

6 

•027 

4-9 

41 

•199 

35-9 

1 

•004 

0-7 

42 

•205 

36-9 

2 

•008 

1-4 

7 

•032 

5-7 

43 

•211 

37-9 

3 

•012 

21 

8 

•036 

6-6 

9 

•041 

7-4 

44 

•216 

38-9 

4 

•016 

2-9 

45 

•222 

40-0 

5 

•020 

3-6 

10 

0046 

8-2 

46 

0-228 

41-1 

6 

0 024 

4-3 
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Table  II — continued. 


6 

t 

ip  j 

6 

t 

V 

e 

t 

rp 

a — 

80' — continued 

a - 

80' — continued 

a = 90 

s 

s 

s 

7 

0-028 

5-0 

44 

0-185 

33-4 

0 

0-000 

0-0 

8 

•032 

5-7 

45 

•190 

34-2 

•004 

0-6 

9 

•036 

6-5 

46 

•195 

351 

i 

2 

•007 

1-3 

10 

•040 

7-2 

47 

•200 

36-0 

3 

•Oil 

1-9 

11 

12 

•044 

•048 

7- 9 

8- 6 

48 

49 

•205 

•210 

36- 9 

37- 8 

4 

5 

•014 

•018 

2- 5 

3- 2 

13 

•052 

9-4 

50 

•215 

38-7 

6 

•021 

3-8 

14 

•056 

10-1 

51 

•220 

39-6 

7 

•025 

4-5 

15 

•060 

10-8 

52 

•225 

40-5 

8 

•028 

5-1 

16 

•064 

n-5  j 

53 

•231 

41-5 

9 

•032 

5-7 

17 

•068 

12-3 

54 

•236 

42-5 

10 

•035 

6-4 

18 

•072 

13-0 

55 

•241 

43-4 

•039 

7-0 

19 

•076 

13-7 

56 

•247 

44-4 

11 

12 

•043 

7-7 

20 

•080 

14-4 

57 

•252 

45-4 

13 

•046 

8-3 

21 

22 

•085 

•089 

15- 2 

16- 0 

58 

59 

•258 

•264 

46- 5 

47- 5 

14 

15 

•050 

•053 

9-0 

9-6 

23 

•093 

16-7 

60 

•270 

48-6 

16 

•057 

10-2 

24 

•097 

17-5 

61 

•276 

49-7 

17 

•060 

10-9 

25 

•101 

18-2 

62 

•282 

50-8 

18 

•064 

11-5 

26 

•105 

19-0 

63 

•289 

52-0 

19 

•068 

12-2 

27 

•110 

19-7 

64 

•295 

531 

20 

•071 

12-8 

28 

•114 

20-5 

65 

•302 

54-3 

13-5 

29 

•118 

21-3 

66 

•309 

55-6 

21 

•075 

22 

•079 

14-2 

30 

•122 

22-0 

67 

•316 

56-9 

23 

•082 

14-8 

31 

32 

•127 

•131 

22-8 

23-6 

68 

69 

•323 

•331 

58- 2 

59- 6 

24 

25 

•086 

•090 

15- 5 

16- 1 

33 

•135 

24-4 

70 

•339 

61-0 

26 

•093 

16-8 

34 

•140 

25-2 

71 

•348 

62-6 

27 

•097 

17-5 

35 

•144 

25-9 

72 

•356 

64-2 

28 

•101 

18-1 

36 

•149 

26-7 

73 

•366 

65-9 

29 

•104 

18-8 

37 

•153 

27-5 

74 

•376 

67-7 

30 

•108 

19-5 

38 

•157 

28-4 

75 

•387 

69-6 

39 

•162 

29-2 

76 

•399 

71-8 

31 

•112 

20-1 

32 

•116 

20-8 

40 

•167 

30-0 

77 

•413 

72-3 

33 

•120 

21-5 

78 

•429 

79-2 

41 

•171 

30-8 

79 

•450 

80-9 

34 

•123 

22-2 

42 

•176 

31-7 

35 

•127 

22-9 

43 

0-181 

32-5 

80 

0-500 

90-0 

36 

0131 

23-6 
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Table  II — continued. 


6 

i 

t 

V 

6 

t 

V 

d 

l 

V 

a — 

90 ' — continued 

a = 

90 ' — continued 

a = 

100' — continued 

/ 

s 

s 

s 

37 

0135 

24-3 

74 

0-307 

55-3 

14 

0-045 

8-0 

38 

•139 

24-9 

75 

•314 

56-4 

15 

•048 

8-6 

39 

•143 

25-7 

76 

•320 

57-6 

16 

•051 

9-2 

40 

•147 

26-4 

77 

•327 

58-8 

17 

•054 

i 

9-8 

41 

•151 

27-1 

78 

•334 

60-1 

18 

•057 

10-4 

42 

•155 

27-8 

79 

•341 

61-4 

19 

•061 

11-0 

43 

•159 

28-5 

80 

•349 

62-7 

20 

•064 

11-5 

44 

•163 

29-3 

64-2 

21 

•067 

12-1 

45 

•167 

30-0 

81 

•356 

■ 22 

•071 

12-7 

46 

•171 

30-7 

82 

•365 

65-6 

23 

•074 

13-3 

83 

•374 

67-3 

47 

•175 

31-5 

24 

•077 

13-9 

48 

•179 

32-2 

84 

•383 

69-0 

25 

•080 

14-4 

49 

•183 

330 

85 

•393 

70-8 

26 

•084 

15-1 

86 

•405 

72-9 

50 

•188 

33-8 

27 

•087 

15-7 

51 

52 

•192 

•196 

34- 5 

35- 3 

87 

88 
89 

•418 

•433 

•453 

75-2 

77-9 

81-6 

28 

29 

•090 

•094 

16-3 

16-9 

53 

54 

•200 

•205 

36-1 

30 

•097 

17-5 

90 

0-500 

90-0 

36-9 

31 

•100 

18-1 

55 

•209 

37-7 

32 

•104 

18-7 

56 

•214 

38-5 

33 

•107 

19-3 

57 

•218 

39-3 

34 

•110 

19-9 

58 

•223 

40-1 

35 

•114 

20-5 

59 

•228 

41-0 

a = 100 

36 

•117 

211 

60 

•232 

41-8 

0 

0-000 

0-0 

37 

•121 

21-7 

61 

•237 

42-7 

1 

•003 

0-6 

38 

•124 

22-3 

62 

•242 

43-5 

2 

•006 

1-1 

39 

•128 

23-0 

63 

•247 

44-4 

3 

•010 

1-7 

40 

•131 

23-6 

i 

64 

•252 

45-3 

4 

•013 

2-3 

41 

•134 

24-2 

65 

•257 

46-2 

5 

•016 

2-9 

42 

•138 

24-8 

66 

•262 

47-2 

6 

•019 

3-4 

43 

•141 

25-5 

67 

•267 

48-1 

7 

•022 

4-0 

44 

•145 

261 

68 

•273 

49-1 

8 

•025 

4-6 

45 

•149 

26-7 

69 

•278 

50-1 

9 

•029 

5-2 

46 

•152 

27-4 

70 

•284 

511 

10 

•032 

5-7 

47 

•156 

28-0 

48 

•159 

28-7 

71 

•289 

52-1 

11 

•035 

6-3 

49 

•163 

29-3 

72 

•295 

531 

12 

•038 

6-9 

73 

0-301 

54-2 

13 

0-042 

7-5 

50 

0-167 

30-0 
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Table  II — continued. 


Q 

t 

V> 

e 

t 

e 

t 

tp 

a = 100' — continued 

a = 100' — continued 

a = 

1 10' — continued 

s 

s 

s 

51 

0170 

30-7 

87 

0-336 

60-5 

17 

0-049 

8-9 

52 

•174 

31-3 

88 

•342 

61-6 

18 

•052 

9-4 

53 

•178 
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64 

•198 

35-6 
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Table  II — continued. 
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57 

•158 

28-3 

94 

•286 

58 
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•012 
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60 
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30-0 
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53-9 
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•017 
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30-5 

98 
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54-8 
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3-5 
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31*1 
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55-6 

9 
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4-0 

63 
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56-4 

10 
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64 
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32-2 
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32-7 
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57-3 
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4-9 
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58-2 
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59-1 
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5-8 
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35-1 
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•037 

6-7 
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35-7 
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107 
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39-3 
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9-3 
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69-0 

22 

•054 

9-8 
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39-9 
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70-3 
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10-2 
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Table  II — continued. 
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29-5 
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28 
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12-5 

65 

•167 

30-0 

102 

•287 

51-7 

29 

•072 

12-9 

66 

•169 

30-5 

103 

•291 

52-4 

30 

•074 

13-4 

67 

•172 

3 10 

104 

•295 

531 

31 

•077 

13-8 

68 

•175 

31-5 

105 

•299 

53-9 

32 

•079 

14-3 

69 

•178 

32-0 

106 

•304 

54-6 

33 

•082 

14-7 

70 

•181 

32-6 

107 

•308 

55-4 

34 

•084 

15-2 

71 

•184 

33-1 

108 

•312 

56-2 

35 

•087 

15-6 

72 

•187 

33-7 

109 

•317 

57-0 

36 

•089 

16-1 

73 

•190 

34-2 

•321 

57-8 

110 

37 

•092 

16-5 

74 

•193 

34-7 

•326 

58-6 

38 

•094 

17-0 

75 

•196 

35-3 

111 

39 

•097 

17-4 

76 

•199 

35-9 

112 

•331 

59-5 

113 

•335 

60-4 

40 

•100 

17-9 

77 

•202 

36-4 

41 

42 

•102 

•105 

18-3 

18-8 

78 

79 

•205 

•208 

36- 9 

37- 4 

114 

115 

116 

•340 

•346 

•351 

61- 3 

62- 2 
63-2 

43 

•107 

19-3 

80 

•211 

38-0 

117 

•357 

64-2 

44 

•110 

19-7 

81 

■214 

38-5 

118 

•362 

65-2 

45 

•112 

20-2 

82 

•217 

39-1 

119 

•368 

66-3 

46 

•115 

20-7 

83 

•220 

39-7 

120 

•374 

67-4 

47 

•117 

211 

84 

•223 

40-2 

48 

•120 

21-6 

85 

•227 

40-8 

121 

•381 

68-6 

49 

•123 

22-1 

86 

•230 

41-4 

122 

•388 

69-8 

50 

•126 

22-6 

87 

•233 

42-0 

123 

•395 

71-1 

51 

•128 

23-0 

88 

•236 

42-6 

124 

•403 

72-5 

52 

•131 

23-5 

89 

•239 

43-4 

125 

•412 

74-1 

53 

•133 

24-0 

90 

•243 

43-8 

126 

•421 

75-7 

54 

•136 

24-5 

91 

•247 

44-4 

127 

•432 

77-7 

55 

•139 

25-0 

92 

•250 

- 45-1 

128 

•444 

80-0 

56 

•141 

25-5 

93 

•254 

45-7 

| 129 

•461 

83-0 

57 

•144 

26-0 

94 

•257 

46-4 

| 130 

0-500 

90-0 

58 

•147 

26-5 

95 

•261 

47-0 

59 

•150 

27-0 

96 

•264 

47-7 

60 

•153 

27-5 

97 

•268 

48-3 

i 

98 

•271 

49-0 

61 

•155 

28-0 

99 

•275 

49-6 

62 

•158 

28-5 

63 

0-161 

29-0 

100 

0-279 

50-3 

| 
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Table  II — continued. 
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1 40 ' — continued 
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15-8 
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•180 

32-4 
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•002 

0-4 

39 
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76 
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32-9 
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•005 

0-8 

40 

3 

•007 

1-2 

•092 

16-6 

77 

•185 

33-4 

41 

•094 

170 

78 

•188 

33-9 

4 

•009 

1-6 

42 

•097 

17-5 

79 

•191 

34-4 

5 

6 

•012 

•014 

2-0 

2-4 

43 

•099 

17-9 

80 

•194 

34-9 

•016 

2-8 

44 

•102 

18-3 

81 

•196 

35-4 

7 

45 

•104 

18-8 

82 

•199 

35-9 

3 

•018 

3-2 

46 

•106 

19-2 

83 

•202 

36-4 

9 

•021 

3-6 

10 

•023 

41 

47 

•109 

19-6 

84 

•205 

36-9 

48 

•111 

200 

85 

■207 

37-4 

11 

•025 

4-5 

49 

•114 

20-5 

86 

•210 

37-9 

12 

•028 

4-9 

20-9 

13 

•030 

5-3 

50 

•116 

87 

•213 

38-4 

51 

•118 

21-3 

88 

•216 

38-9 

14 

•032 

5-7 

52 

•121 

21-8 

89 

•219 

39-4 

15 

16 

•034 

•037 

6-1 

6-5 

53 

•123 

22-2 

90 

•222 

40-0 

•039 

54 

•126 

22-7 

91 

•225 

40-5 

17 

6-9 

55 

•128 

23-1 

92 

•228 

411 

18 

•041 

7-3 

56 

•131 

23-6 

93 

•231 

41-6 

19 

•043 

7-7 

20 

•046 

8-2 

57 

•133 

240 

94 

•234 

42-2 

58 

•136 

24-5 

95 

•237 

42-7 

21 

•048 

8-6 

59 

•138 

24-9 

96 

•240 

43-3 

22 

•051 

9-0 

60 

25-4 

23 

•053 

9-5 

•141 

97 

•243 

43-8 

61 

•143 

25-8 

98 

•246 

44-4 

24 

•055 

9-9 

62 

•146 

26-3 

99 

•249 

45-0 

25 

26 

•058 

•060 

10-3 

10-7 

63 

•148 

26-7 

100 

•253 

45-6 

27 

•062 

64 

•151 

27-2 

101 

•256 

46-2 

11-2 

65 

•153 

27-7 

102 

•260 

46-8 

28 

•065 

11-6 

66 

•156 

28-1 

103 

•263 

47-4 

29 

•067 

12-0 

30 

•069 

12-4 

67 

•158 

* 

28-6 

104 

•266 

48-0 

68 

•161 

29-0 

105 

•270 

48-6 

31 

•071 

12-8 

69 

•164 

29-5 

106 

•273 

49-3 

32 

•074 

13-3 

33 

•076 

13-7 

70 

•167 

300 

107 

•277 

49-9 

108 

•280 

50-5 

34 

•078 

141 

71 

•169 

30-4 

109 

•284 

511 

35 

•081 

14-5 

72 

•172 

30-9 

36 

0-083 
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73 
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31-4 
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0-288 

51-8 
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Table  II — continued. 


e 

t 

V 

d 

t 

ip  | 

e 

t 

V 

a = 150' — continued 

a ----- 150' — continued 

a ==  150'- — continued 

s 

s 

s 

74 

0164 

29-6 

111 

0-265 

47-7 

147 

0-436 

78-5 

75 

•167 

30-0 

112 

•268 

48-3 

148 

•444 

79-9 

76 

•169 

30-4 

113 

•271 

48-9 

149 

•463 

82-4 

77 

•172 

30-9 

114 

•274 

49-5 

150 

0-500 

90-0 

78 

•174 

31-3 

115 

•278 

50-1 

79 

•176 

31-8 

116 

•281 

50-7 

80 

•179 

32-2 

117 

•285 

51-3 

81 

•181 

32-6 

118 

•288 

51-9 

82 

•184 

33-1 

119 

•291 

52-5 

a = 160' 

83 

•187 

33-6 

120 

•295 

53-1 

0 

0-000 

0-0 

84 

•189 

34-0 

85 

•192 

34-5 

121 

•298 

53-8 

1 

•002 

0-4 

86 

•195 

35-0 

122 

•302 

54-4 

2 

•004 

0-7 

123 

•306 

55-1 

3 

•006 

11 

87 

•197 

35-4 

88 

•200 

35-9 

124 

•310 

55-7 

4 

•008 

1-4 

89 

•202 

36-4 

125 

•314 

56-4 

5 

•010 

1-8 

126 

•318 

57-1 

6 

•012 

2-1 

90 

•205 

36-9 

127 

•322 

57-9 

7 

•014 

2-5 

91 

•207 

37-4 

128 

•326 

58 -6 

8 

•016 

2-8 

92 

•210 

37-9 

129 

•330 

59-3 

9 

•018 

3-2 

93 

•213 

38-3 

130 

•334 

60-1 

10 

•020 

3-6 

94 

•215 

38-8 

95 

•218 

39-3 

131 

•338 

60-9 

11 

•022 

4-0 

96 

•221 

39-8 

132 

•343 

61-7 

12 

•024 

4-3 

133 

•347 

62-5 

13 

•026 

4-7 

97 

•223 

40-3 

98 

•226 

40-8 

134 

•352 

63-3 

14 

•028 

5-1 

99 

•229 

41-3 

135 

•357 

64-2 

15 

•030 

5-5 

100 

•232 

41-8 

136 

•362 

65-1 

16 

•032 

5-8 

101 

•235 

42-3 

137 

•366 

66-0 

17 

•034 

6-2 

102 

•238 

42-8 

138 

•372 

67-0 

18 

•036 

6-5 

103 

•241 

i 

43-3 

| 139 

•377 

67-9 

19 

•038 

6-9 

104 

•244 

43-8 

140 

•383 

69-0 

20 

•040 

7-2 

105 

•247 

44-4 

106 

•250 

44-9 

141 

•389 

70-0 

21 

•042 

7-6 

142 

•396 

71-2 

22 

•044 

7-9 

107 

'•253 

45-5 

143 

•403 

72-5 

23 

•046 

8-3 

108 

•256 

46-0 

109 

•259 

46-6 

144 

•410 

73-8 

24 

•048 

8-6 

145 

•418 

75-2 

25 

•050 

9-0 

110 

0-262 

47-2 

146 

0-427 

76-8 

26 

0-052 

9-3 

1 
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Table  II — continued. 


Q 

t 

i 

V 

6 

t 

Q 

t 

yj 

a — 

160' — continued 

a = 

1 60 ' — continued 

a — 

1 60 ' — continued 

s 

s 

s 

27 

0054 

9-8 

64 

0131 

23-5 

101 

0-218 

39-2 

28 

•056 

101 

65 

•133 

23-9 

102 

•220 

39-6 

29 

•058 

10-4 

66 

•135 

24-3 

103 

•223 

40-1 

30 

•060 

10-8 

67 

•137 

24-7 

104 

•225 

40-6 

31 

•062 

11-2 

68 

•140 

25-1 

105 

•228 

41-0 

32 

•064 

11-5 

69 

•142 

25-5 

106 

•230 

41-5 

33 

•066 

11-9 

70 

•144 

25-9 

107 

•233 

42-0 

34 

•068 

12-3 

71 

•146 

26-3 

108 

•235 

42-4 

35 

•070 

12-6 

72 

•149 

26-7 

109 

•238 

42-9 

36 

•072 

13-0 

73 

•151 

27-1 

43-4 

110 

•241 

37 

•074 

13-3 

74 

•153 

27-5 

•243 

43-9 

38 

•076 

13-7 

75 

•156 

27-9 

111 

39 

•078 

14-1 

76 

•158 

28-3 

112 

•246 

44-4 

113 

•249 

45-0 

40 

•080 

14-5 

77 

•160 

28-7 

41 

42 

•082 

•084 

14- 9 

15- 2 

78 

79 

•163 

•165 

29-2 

29-6 

114 

115 

116 

•252 

•255 

•258 

45- 5 

46- 0 
46-5 

43 

•086 

15-6 

80 

•167 

30-0 

•169 

117 

•261 

47-1 

44 

•088 

15-9 

81 

30-4 

118 

•264 

47-6 

45 

•090 

16-3 

82 

•172 

30-8 

119 

•267 

48-1 

46 

•092 

16-7 

83 

•174 

31-3 

•176 

120 

•270 

48-6 

47 

•094 

17-1 

84 

31-7 

48 

•096 

17-4 

85 

•179 

32-1 

121 

’ -273 

49-1 

49 

•098 

17-8 

86 

•181 

32-5 

122 

•276 

49-7 

50 

•101 

18-2 

87 

•183 

33-0 

123 

•279 

50-2 

51 

•103 

18-6 

88 

■186 

33-4 

124 

•282 

50-8 

52 

•105 

19-0 

89 

•188 

33-8 

125 

•285 

51-4 

53 

•107 

19-3 

90 

•190 

34-2 

126 

•289 

51-9 

54 

•109 

19-7 

91 

•193 

34-6 

127 

•292 

52-5 

55 

•111 

20-1 

92 

•195 

35-1 

128 

•296 

53-1 

56 

•113 

20-5 

93 

•198 

35-5 

129 

•299 

53-7 

57 

•115 

20-8  j 

94 

•200 

36-0 

130 

•302 

54-3 

58 

•117 

21-2 

95 

•203 

36-4 

59 

•119 

21-6 

96 

•205 

36-9 

131 

•306 

54-9 

132 

•309 

55-6 

60 

•122 

22-0 

97 

•208 

37-3 

133 

•313 

56-2 

98 

•210 

37-8 

61 

•124 

22-4 

99 

•213 

38-2 

134 

•316 

56-9 

62 

•126 

22-8 

135 

•320 

57-5 

63 

0-129 

23-1 

100 

0-215 

38-7 

136 

0-323 

58-2 
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Table  II — continued. 


6 

t 

yj 

e 

t 

xp 

d 

t 

V 

a — 

100 ' — -continued 

a = 

170 ' — continued 

a = 

170 ' — continued 

s 

s 

s 

137 

0-327 

58-9 

7 

0013 

2-4 

44 

0084 

15-0 

138 

•331 

59-6 

8 

•015 

2-7 

45 

•086 

15-3 

139 

•335 

60-3 

9 

•017 

30 

46 

•088 

15-7 

140 

•339 

611 

10 

•019 

3-4 

47 

•090 

160 

11 

•021 

3-7 

48 

•092 

16-4 

141 

•343 

61-8 

12 

•023 

41 

49 

•094 

16-7 

142 

143 

•348 

•352 

62-6 

63-4 

13 

•025 

4-4 

50 

•096 

171 

144 

•356 

64-2 

14 

•027 

4-8 

51 

•098 

17-4 

15 

•028 

5-1 

52 

•100 

17-8 

145 

•361 

65-0 

16 

•030 

5-4 

53 

•102 

181 

146 

•366 

65-9 

•371 

17 

•032 

5-8 

54 

•104 

18-5 

147 

66-8 

18* 

•034 

61 

55 

•105 

18-9 

148 

•376 

67-7 

19 

•036 

6-5 

56 

•107 

19-2 

149 

•381 

68-6 

20 

•038 

6-8 

57 

•109 

19-6 

150 

•387 

69-7 

21 

•040 

7-1 

58 

•111 

19-9 

151 

•393 

70-7 

22 

•042 

7-5 

59 

•113 

20-3 

152 

•399 

71-8 

23 

•043 

7-8 

60 

•115 

20-7 

153 

•406 

73-0 

24 

•045 

8-2 

61 

•117 

21-0 

154 

•413 

74-3 

25 

•047 

8-5 

62 

•119 

21-4 

155 

•420 

75-6 

26 

•049 

8-8 

63 

•121 

21-7 

156 

•429 

77-2 

27 

•050 

9-2 

64 

•123 

22-1 

157 

•438 

78-9 

28 

•052 

9-5 

65 

•125 

22-5 

158 

•449 

80-9 

29 

•054 

9-8 

66 

•127 

22-8 

159 

•465 

83-6 

30 

•056 

10-2 

67 

•129 

23-2 

160 

0-500 

90-0 

31 

•058 

10-5 

68 

•131 

23-5 

32 

•060 

10-9 

69 

•133 

23-9 

33 

•062 

11-2 

70 

•135 

24-3 

34 

•064 

11-6 

71 

•137 

24-7 

35 

•066 

11-9 

72 

•139 

251 

a = 170' 

36 

•068 

12-2 

73 

•141 

25-4 

0 

0-000 

0-0 

37 

•070 

12-6 

74 

•143 

25-8 

38 

•072 

12-9 

75 

•146 

26-2 

1 

•002 

0-3 

39 

•074 

13-3 

76 

•148 

26-5 

2 

•004 

0-7 

3 

•006 

1-0 

40 

•076 

13-6 

77 

•150 

269 

78 

•152 

27  3 

4 

•008 

1-3 

41 

•078 

13-9 

79 

•154 

27-7 

5 

•010 

1-7 

42 

•080 

14-3 

6 

0011 

2-0 

43 

0-082 

14-6 

80 

0-156 

28-1 
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Table  II — continued. 


6 

t 

V 

6 

t 

V 

6 

t 

V’ 

a — 17(K — continued 

a — 170/ — continued 

a — 1 70 ' - — continued 

s 

s 

s 

81 

0-158 

28-5 

117 

0-241 

43-5 

151 

0-348 

62-6 

82 

•160 

28-9 

118 

•244 

43-9 

152 

•352 

63-4 

83 

•162 

29-2 

119 

•247 

44-4 

153 

•356 

64-1 

84 

•164 

29-6 

120 

•250 

44-9 

154 

•360 

64-9 

85 

•167 

30-0 

155 

•365 

65-8 

86 

•169 

30-4 

156 

•370 

66-6 

121 

•252 

45-4 

87 

•171 

30-7 

122 

•255 

45-8 

157 

•375 

67-5 

88 

■173 

311 

123 

•258 

46-3 

158 

•380 

68-3 

89 

175 

31-5 

159 

•385 

69-3 

124 

•260 

46-8 

90 

•177 

31-9 

125 

•263 

47-3 

160 

•390 

70-3 

126 

•265 

47-8 

91 

•179 

32-3 

161 

•396 

71-3 

92 

•182 

32-7 

127 

•268 

48-3 

162 

•402 

72-4 

93 

•184 

33-1 

128 

•271 

48-8 

163 

•408 

73-5 

129 

•274 

49-3 

94 

■186 

33-5 

164 

•415 

74-7 

95 

•189 

33-9 

130 

•277 

49-9 

165 

•422 

76-1 

96 

•191 

34-3 

166 

•431 

77-6 

131 

•280 

50-4 

97 

•193 

34-8 

132 

•283 

510 

167 

•440 

79-2 

98 

•196 

35-2 

133 

•286 

51-5 

168 

•451 

81-2 

99 

•198 

35-6 

169 

•465 

83-7 

134 

•289 

52-1 

100 

•200 

36-0 

135 

•292 

52-6 

] 70 

•500 

90-0 

136 

•295 

53-2 

101 

•202 

36-4 

102 

•205 

36-9 

137 

•298 

53-7 

103 

•207 

37-3 

138 

•301 

54-3 

139 

•304 

54-9 

104 

•209 

37-7 

a-  180' 

105 

•212 

38-2 

106 

•214 

38-6 

140 

•308 

55-5 

0 

0-000 

0-0 

107 

•217 

39-0 

141 

•311 

56-1 

]. 

•002 

0-3 

108 

•219 

39-5 

142 

•315 

56-7 

2 

•004 

0-6 

109 

•221 

39-9 

143 

•318 

57-3 

3 

•006 

1-0 

110 

•224 

40-3 

144 

•321 

57-9 

4 

•008 

13 

145 

•325 

58-5 

5 

•009 

1-6 

111 

•226 

40-7 

146 

•329 

59-2 

6 

•Oil 

1-9 

112 

•229 

41-2 

113 

•231 

41-6 

147 

•332 

59-8 

7 

•013 

2-2 

148 

•336 

60-5 

8 

•015 

2-5 

114 

•234 

421 

149 

•340 

61-2 

9 

•017 

2-9 

115 

•236 

42-6 

116 

0-239 

1 

430 

150 

0-344 

i 

j 61-9 

10 

0-018 

3-2 
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Table  II — continued. 


6 

t 

V 

Q 

t 

V 

e 

t 

V 

a — 

[ 80 ' — continued 

a — 180' — continued 

a — 180' — continued 

s 

s 

s 

11 

0-020 

3-5 

47 

0-084 

151 

81 

0149 

26-8 

12 

•022 

3-8 

48 

•086 

15-4 

82 

•151 

27-1 

13 

-023 

4-2 

49 

•088 

15-8 

83 

•153 

27-5 

14 

-025 

4-5 

50 

•090 

161 

84 

•155 

27-8 

15 

•027 

4-8 

85 

•157 

28-2 

16 

•029 

51 

86 

•159 

28-5 

51 

•091 

16-4 

17 

•031 

5-5 

52 

•093 

16-8 

87 

•161 

28-9 

18 

•032 

5 8 

53 

•095 

171 

88 

•163 

29-2 

19 

■034 

6-1 

89 

•165 

29-6 

54 

•097 

17-5 

20 

•036 

6-4 

55 

•099 

17-8 

90 

•167 

30-0 

56 

•100 

18-2 

21 

•038 

6-7 

91 

•169 

30-4 

22 

•039 

7-0 

57 

•102 

18-5 

92 

•171 

30-7 

23 

•041 

7-4 

58 

•104 

18-9 

93 

•173 

311 

59 

•106 

19-2 

24 

•043 

7-7 

94 

•175 

31-5 

25 

•045 

8-0 

60 

•108 

19-5 

95 

•177 

31-9 

26 

•046 

8-3 

96 

•179 

32-2 

61 

•109 

19-8 

27 

•048 

8-7 

62 

111 

20-2 

97 

•181 

32-6 

28 

•049 

9-0 

63 

•113 

20-5 

98 

•183 

33-0 

29 

•051 

9-3 

99 

•185 

33-4 

64 

•115 

20-9 

30 

•053 

9-6 

65 

•117 

21-2 

100 

•188 

33-8 

66 

•118 

21-5 

31 

•054 

9-9 

101 

•190 

34-2 

32 

•056 

10-2 

67 

•120 

21-9 

102 

•192 

34-5 

33 

•058 

10-6 

68 

•122 

22-2 

103 

•194 

34-9 

69 

•124 

22-6 

34 

•060 

10-9 

104 

•196 

35-3 

35 

•061 

11-2 

105 

•198 

35-7 

36 

•063 

11-5 

70 

•126 

22-9 

106 

•200 

36-1 

37 

•065 

11-9 

71 

•128 

23-2 

107 

•202 

36-5 

38 

•067 

12-2 

72 

•130 

23-6 

108 

•204 

36-9 

39 

•069 

12-5 

73 

•132 

23-9 

109 

•206 

37-3 

40 

•071 

12-8 

74 

•134 

24-3 

110 

•209 

37-7 

75 

•136 

24-6 

41 

•072 

131 

76 

•138 

25-0 

111 

•211 

38-1 

42 

•074 

13-5 

112 

•214 

38-5 

43 

•076 

13-8 

77 

•140 

25-3 

113 

•216 

38-9 

78 

•142 

25-7 

44 

•078 

14-1 

79 

•144 

26-0 

114 

•218 

39-3 

45 

•080 

14-5 

115 

•220 

39-7 

46 

0-082 

14-8 

80 

0-147 

26-4 

116 

0-223 

40-1 
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Table  II — continued . 


6 

t 

V 

6 

t 

V 

6 

t 

V 

a = 180 ' — continued 

a = 1 80 / — continued 

a = 

L 90 / — continued 

s 

s 

s 

117 

0-225 

40-5 

154 

0-326 

58-8 

4 

0-007 

1-2 

118 

•227 

40-9 

155 

•330 

59-5 

5 

•009 

1-5 

119 

•229 

41-3 

156 

•334 

60-1 

6 

•Oil 

1-8 

120 

•232 

41-8 

157 

•337 

60-8 

7 

•012 

2-1 

121 

•234 

42-2 

158 

•341 

61-4 

8 

•014 

2-4 

122 

•237 

42-7 

159 

•345 

62-1 

9 

•016 

2-7 

123 

•239 

43-1 

160 

•349 

62-7 

10 

•017 

3-0 

124 

•241 

43-6 

63-4 

11 

•019 

3-3 

125 

•244 

44-0 

161 

•353 

12 

•020 

3-6 

126 

•246 

44-5 

162 

•357 

64-2 

13 

•022 

3-9 

163 

•361 

64-9 

127 

•248 

44-9 

14 

•024 

4-2 

128 

•251 

45-4 

164 

•365 

65-7 

15 

•025 

4-5 

129 

•254 

45-8 

165 

•369 

66-4 

16 

•027 

4-8 

166 

•374 

67-2 

130 

•257 

46-2 

68-1 

69-0 

69-9 

17 

•029 

5-1 

131 

132 

•259 

•262 

46- 6 

47- 1 

167 

168 
169 

•378 

•383 

•388 

18 

19 

•030 

•032 

5-4 

5-7 

133 

134 

•265 

47-6 

20 

•034 

6-0 

170 

•393 

70-8 

•268 

48-1 

21 

•035 

6-3 

135 

•270 

48-6 

171 

•399 

71-8 

22 

•037 

6-6 

136 

•273 

49-1 

172 

•405 

72-9 

23 

•039 

6-9 

137 

•275 

173 

•411 

74-0 

49-6 

24 

•040 

7-2 

138 

•278 

50-1  | 

174 

•418 

75-2 

25 

•042 

7-5 

139 

•281 

50-6 

175 

•425 

76-5 

26 

•044 

7-8 

140 

•284 

51-1 

176 

•433 

77-9 

27 

•046 

8-1 

141 

•286 

51-6 

177 

•442 

79-5 

28 

•047 

8-4 

142 

•289 

52-1 

178 

•452 

81-4 

29 

•049 

8-7 

143 

•292 

52-6 

179 

•467 

84-0 

30 

•050 

9-1 

144 

•295 

53-2 

180 

0-500 

90-0 

31 

•051 

9-4 

145 

•298 

53-7 

32 

•053 

9-7 

146 

•301 

54-2 
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13-0 

46 

•073 

13-3 

170 

•353 

63-4 

10 

•016 

2-9 

47 

•075 

13-6 
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49-9 

117 

•199 

35-8 

•279 

50-4 

81 

•133 

23-9 
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41-0 

169 

•320 

57-7 

| 132 

•229 

41-3 

97 

•161 

29-1 

133 

•231 

41-7 
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211 

•342 

61-5 

7 

•009 

1-6 

175 

•260 

46-8 

212 

•345 

62-0 

176 

•262 

47-2 

213 

•347 

62-5 

8 

•Oil 

1-8 

9 

•012 

21 

177 

•264 

47-5 

214 

•350 

63-1 

178 

•266 

47-9 

215 

•353 

63-6 

10 

•013 

2-3 

179 

•268 

48-2 

216 

•357 

64-2 

180 

•270 

48-6 

217 

•360 

64-7 

11 

12 

•014 

•015 

2-5 

2-7 

181 

•272 

49-0 

218 

•363 

65-3 

13 

•017 

3-0 

182 

•274 

49-3 

219 

•366 

65-8 

183 

•276 

49-7 

220 

•369 

66-4 

14 

•018 

3-2 

15 

•019 

3-4 

184 

•278 

50-0 

221 

•372 

67-0 

16 

•020 

3-7 

185 

•280 

50-4 

222 

•376 

67-7 

186 

•282 

50-8 

223 

•379 

68-3 

17 

•022 

3-9 

18 

•023 

4-1 

187 

•284 

51-2 

224 

•383 

69-0 

19 

•024 

4-4 

188 

•286 

51-6 

225 

•387 

69-6 

189 

•288 

52-0 

226 

•391 

70-3 

20 

•025 

4-6 

190 

•291 

52-4 

227 

•395 

71-0 

191 

192 

•293 

•295 

52- 8 

53- 2 

228 

229 

•399 

•403 

71- 8 

72- 6 

21 

22 

23 

•026 

•028 

•029 

4- 8 

5- 0 
5-3 

193 

•297 

53-6 

230 

•408 

73-4 

194 

24 

•030 

5-5 

•299 

54-0 

231 

•413 

74-3 

25 

•031 

5-7 

195 

•302 

54-4 

232 

•418 

75-2 

26 

•032 

6-0 

196 

•304 

54-8 

233 

•423 

76-1 

197 

27 

•034 

6-2 

•307 

55-2 

234 

•429 

77-2 

28 

•035 

6-4 

198 

•309 

55-7 

235 

•435 

78-3 

29 

•037 

6-7 

199 

•312 

56-1 

236 

•442 

79-5 

200 

•314 

56-5 

237 

•449 

80-9 

30 

•038 

6-9 

238 

•459 

82-6 

201 

•316 

56-9 

239 

•471 

84-8 

31 

•039 

7-1 

202 

•319 

57-4 

32 

•040 

7-3 

203 

0-321 

57-8 

240 

0-500 

90-0 

33 

0-042 

7-6 
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Table  II— continued. 
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ip 

6 

t 

tp 

6 

t 

ip 

a = 250 ' — continued 

a — 250 ' — continued 

a = 250 ' — continued 

s 

s 

s 

o 

34 

0-043 

7-8 

71 

0091 

16-5 

107 

0141 

25-3 

35 

•044 

8-0 

72 

•093 

16-8 

108 

•142 

25-6 

36 

•046 

8-3 

73 

■094 

17-0 

109 

•144 

25-8 

37 

•047 

8-5 

74 

•095 

17-3 

110 

•145 

26-1 

38 

•048 

8-7 

75 

•097 

17-5 

111 

•146 

26-4 

39 

•050 

9-0 

76 

•098 

17-7 

112 

•148 

26-6 

40 

•051 

9-2 

77 

•100 

17-9 

113 

•149 

26-9 

41 

•052 

9-4 

78 

•101 

18-2 

114 

•151 

27-1 

42 

•053 

9-6 

79 

•103 

18-5 

115 

•152 

27-4 

43 

•055 

9-9 

80 

•104 

18-7 

116 

•153 

27-7 

44 

•056 

101 

81 

•105 

18-9 

117 

•155 

27-9 

45 

•057 

10-3 

118 

•156 

28-2 

46 

•059 

10-6 

82 

•106 

19-2 

119 

•157 

28-4 

83 

•108 

19-4 

47 

•060 

10-8 

120 

•159 

28-7 

48 

49 

•061 

•063 

110 

11-3 

84 

85 

86 

•109 

•no 

•112 

19-7 

19-9 

201 

121 

122 

•160 

•162 

29-0 

29-2 

50 

•064 

11-5 

123 

•163 

29-5 

87 

•113 

20-4 

51 

•065 

11-7 

88 

•114 

20-6 

124 

•165 

29-7 

52 

•066 

12-0 

89 

•116 

20-9 

125 

•167 

30-0 

53 

•068 

12-2 

126 

•168 

30-3 

90 

•117 

21-1 

30-5 

54 

•069 

12-5 

127 

•170 

55 

•070 

12-7 

91 

•118 

21-3 

128 

•171 

30-8 

56 

•072 

12-9 

92 

•120 

21-6 

129 

•173 

31-0 

57 

•073 

13-2 

93 

•121 

21-8 

130 

•174 

31-3 

58 

•074 

13-4 

94 

•122 

22-1 

131 

•175 

31-6 

59 

•076 

13-7 

95 

•124 

22-3 

132 

•177 

31-9 

60 

•077 

13-9 

96 

•125 

22-6 

133 

•178 

32-1 

61 

•078 

14-1 

97 

•127 

22-8 

134 

•180 

32-4 

62 

•079 

14-4 

98 

•128 

23-1 

135 

•181 

32-7 

63 

•081 

14-6 

99 

•130 

23-3 

136 

•183 

32-9 

64 

•082 

14-9 

100 

•131 

23-6 

137 

•184 

33-2 

65 

•083 

15-1 

138 

•186 

33-6 

66 

•085 

15-3 

101 

•132 

23-8 

139 

•187 

33-8 

102 

■134 

24-1 

67 

•086 

15-6 

103 

•135 

24-3 

140 

•189 

341 

68 

•087 

15-8 

69 

•089 

161 

104 

•137 

24-6 

141 

•190 

34-4 

105 

•138 

24-8 

142 

•192 

34-7 

70 

0-090 

1 

16-3 

106 

! 

0-139 

25-1 

143 

0-193 

34-9 
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Table  II — continued. 
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t 

V> 

Q 

t 

V 

6 

t 

V 

a — 250 ' — continued 

a = 250 ' — continued 

a = 250 ' — continued 

s 

s 

s 

144 

0195 

35-2 

181 

0-257 

46-4 

217 

0-335 

60-3 

145 

•197 

35-5 

182 

•259 

46-8 

218 

•338 

60-7 

146 

•198 

35-8 

183 

•261 

47-1 

219 

•340 

61-2 

147 

•200 

36-0 

184 

•263 

47-5 

220 

•343 

61-7 

148 

•201 

36-3 

185 

•265 

47-8 

149 

•203 

36-6 

186 

•267 

48-1 

221 

•345 

621 

222 

•348 

62-6 

150 

•205 

36-9 

187 

•269 

48-5 

223 

•351 

631 

151 

•206 

37-2 

188 

•271 

48-8 

152 

•208 

37-5 

189 

•273 

49-2 

224 

•354 

63-6 

153 

•210 

37-8 

225 

•356 

64-1 

190 

•275 

49-5 

226 

•359 

64-7 

154 

•211 

38-1 

155 

•213 

38-3 

191 

•277 

49-9 

227 

•362 

65-2 

156 

•215 

38-6 

192 

•279 

50-2 

228 

•365 

65-8 

193 

•281 

50-6 

229 

•368 

66-3 

157 

•216 

38-9 

158 

•218 

39-2 

194 

•283 

50-9 

230 

•372 

66-9 

159 

•219 

39-5 

195 

•285 

51-3 

196 

•287 

51-7 

231 

•375 

67-5 

160 

•221 

39-8 

232 

•379 

68-2 

197 

•289 

52-0 

233 

•382 

68-8 

161 

•223 

40-1 

198 

•291 

52-4 

162 

•224 

40-4 

199 

•293 

52-7 

234 

•386 

69-4 

163 

•226 

40-7 

235 

•389 

70-1 

200 

•295 

53-1 

236 

•393 

70-8 

164 

•228 

41-0 

165 

•229 

41-3 

201 

•297 

53-5 

237 

•397 

71-5 

166 

•231 

41-7 

202 

•299 

53-9 

238 

•401 

72-2 

203 

•301 

54-3 

239 

•405 

73-0 

167 

•233 

420 

168 

•234 

42-3 

204 

•303 

54-7 

240 

•409 

73-8 

169 

•236 

42-6 

205 

•306 

551 

170 

•238 

42-9 

206 

•308 

55-5 

241 

•414 

74-6 

242 

•419 

75-5 

171 

•239 

43-2 

207 

•311 

55-9 

243 

•425 

76-4 

172 

•241 

43-5 

208 

•313 

56-4 

173 

•243 

43-8 

209 

•316 

56-8 

244 

•430 

77-5 

245 

•436 

78-5 

174 

•245 

44- 1 

210 

•318 

57-2 

246 

•443 

79-8 

175 

•247 

44-4 

176 

•248 

44-7 

211 

•320 

57-6 

247 

•451 

81-2 

212 

•323 

58-0 

248 

•460 

82-7 

177 

•250 

45-1 

213 

•325 

58-5 

249 

•472 

84-9 

178 

•252 

45-4 

i 

179 

•254 

45-7 

214 

•328 

58-9 

250 

0-500 

90-0 

215 

•330 

59-3 

180 

0-256 

461 

216 

0-333 

59-8 
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Table  II — continued. 


e 

t 

V 

6 

t 

V> 

6 

t 

V 

a = 2iQ0' 

a = 260' — continued 

a = 200 — continued 

s 

o 

s 

s 

6 

0-000 

00 

37 

0-045 

8-2 

74 

0-092 

16-5 

38 

•046 

8-4 

75 

•093 

16-7 

i 

•001 

0-2 

39 

•047 

8-7 

76 

•094 

17-0 

2 

•002 

0-4 

3 

•004 

0-7 

40 

•049 

8-9 

77 

•096 

17-2 

4 

•005 

0-9 

41 

•050 

9-1 

78 

•097 

17-4 

42 

•051 

9-3 

79 

•098 

17-7 

5 

6 

•006 

•007 

11 

1-3 

43 

•053 

9-6 

80 

•099 

17-9 

•008 

1-6 

44 

•054 

9-8 

81 

•100 

18-1 

7 

45 

•055 

10-0 

82 

•101 

18-4 

8 

•010 

1-8 

46 

•057 

10-2 

83 

•103 

18-6 

9 

•Oil 

2-0 

10 

•012 

2-2 

47 

•058 

10-5 

84 

•104 

18-9 

48 

•059 

10-7 

85 

•106 

19-1 

11 

•013 

2-4 

49 

•061 

10-9 

86 

•107 

19-3 

12 

•014 

2-6 

13 

•016 

2-9 

50 

•062 

111 

87 

•108 

19-6 

14 

51 

•063 

113 

88 

•110 

19-8 

•017 

3-1 

52 

•064 

11-5 

89 

•111 

20-1 

15 

16 

•018 

•019 

3-3 

3-5 

53 

•066 

11-8 

90 

•113 

20-3 

17 

•021 

3-8 

54 

•067 

12-0 

91 

•114 

20-5 

55 

•068 

12-2 

92 

•115 

20-7 

18 

•022 

4-0 

56 

•069 

12-5 

93 

•117 

210 

19 

•023 

4-2 

20 

•024 

4-4 

57 

•071 

12-7 

94 

•118 

21-3 

58 

•072 

12-9 

95 

•119 

21-5 

21 

•025 

4-6 

59 

•073 

13-2 

96 

•121 

21-7 

22 

•026 

4-8 

23 

•028 

5-1 

60 

•074 

13-4 

97 

•122 

22-0 

61 

•075 

13-6 

98 

•123 

22-2 

24 

•029 

5-3 

62 

•077 

13-8 

99 

•125 

22-4 

25 

26 

•030 

•032 

5-5 

5-7 

63 

•078 

141 

100 

•126 

22-6 

27 

•033 

6-0 

64 

•079 

14-3 

101 

•127 

22-8 

65 

•080 

14-5 

102 

•128 

23-1 

28 

•034 

6-2 

66 

•082 

14-7 

103 

•130 

23-3 

29 

•036 

6-4 

30 

•037 

6-6 

67 

•083 

15-0 

104 

•131 

23-6 

68 

•084 

15-2 

105 

•132 

23-8 

31 

•038 

6-8 

69 

•086 

15-4 

106 

•134 

24-0 

32 

•039 

7-0 

33 

•040 

7-3 

70 

•087 

15-6 

107 

•135 

24-3 

108 

•136 

24-5 

34 

•041 

7-5 

71 

•088 

15-8 

109 

•138 

24-8 

35 

•042 

7-7 

72 

•089 

16-0 

36 

0-043 

8-0 

73 

0-091 

16-3 

110 

0-139 

25-0 

1917-18.]  Studies  in  Clocks  and  Time-keeping. 
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Table  II — continued. 


! e 

i 

t 

ip  j 

0 

t 

v | 

6 

t 

V 

a = 200 / — continued 

a — 260 ' — continued 

a = <2 

>06 ' — continued 

s 

s 

s 

111 

0-140 

25-2 

147 

0-191 

34-6 

184  ! 

0-250 

45-1 

112 

•141 

25-5 

148 

•193 

34-9 

185 

•252 

45-4 

113 

•143 

25-7 

149 

•194 

35-1 

186 

•253 

45-7 

114 

•144 

26-0 

150 

•196 

35-3 

187 

•255 

46-0 

115 

•145 

26-2 

151 

•197 

35-6 

188 

•257 

46-4 

116 

•147 

26-5 

152 

•199 

35-9 

189 

•259 

46-7 

117 

•148 

26-7  | 

153 

•200 

36-1 

190 

•261 

47-0 

118 

•149 

27-0 

154 

•202 

36-4 

191 

•262 

47-3 

119 

•151 

27-2 

155 

•203 

36-7 

192 

•264 

47-6 

156 

•205 

36-9 

193 

•266 

48-0 

120 

•152 

27-5 

121 

•153 

27-7 

157 

•206 

37-2 

194 

•268 

48-3 

158 

•208 

37-5 

195 

•270 

48-6 

122 

•155 

28-0 

159 

•209 

37-7  | 

196 

•271 

48-9 

123 

•156 

28-2 

160 

•211 

38-0 

197 

•273 

49-3 

124 

125 

126 

•157 

•159 

•160 

28-5 

28- 7 

29- 0 

161 

162 

•212 

•214 

38-3 

38-6 

198 

199 

•275 

•277 

49- 6 

50- 0 

i 

163 

•215 

38-8 

200 

•279 

50-3 

127 

•162 

29-2 

128 

•163 

29-5 

164 

•217 

39-1 

201 

•281 

50-6 

129 

•165 

29-7 

165 

•218 

39-4 

202 

•283 

51-0 

166 

•220 

39-7 

203 

•285 

51-3 

130 

•167 

30-0 

39-9 

167 

•222 

204 

•287 

51-7 

131 

•168 

30-3 

168 

•223 

40-2 

205 

•289 

52-1 

132 

•170 

30-5 

169 

•225 

40-5 

206 

•291 

52-5 

133 

•171 

30-8 

170 

•227 

40-8 

207 

•293 

52-8 

134 

•173 

31-0 

171 

•228 

41-1 

208 

•295 

53-2 

135 

•174 

31-3 

172 

•230 

41-4 

j 209 

•297 

53-5 

136 

•175 

31-6 

173 

•231 

41-7 

210 

•299 

53-9 

137 

•177 

31-8 

174 

•233 

42-0 

211 

•301 

54-3 

138 

•178 

32-1 

| 175 

•235 

42-3 

212 

•303 

54-7 

139 

•180 

32-3 

176 

•236 

42-6 

213 

•305 

55-0 

140 

•181 

32-6 

177 

•237 

42-9 

214 

•307 

. 55-4 

178 

•239 

43-2 

j 215 

•310 

55-8 

141 

•182 

33-0 

179 

•241 

43-5 

216 

•312 

56-2 

142 

•184 

33-3 

143 

•185 

33-5 

180 

•243 

43-8 

217 

•314 

56-6 

218 

•316 

57-0 

144 

•187 

33-8 

181 

•244 

44-1 

219 

•318 

57-4 

145 

•188 

34-1 

182 

•246 

44-4 

146 

0-190 

34-3 

183 

0-248 

44-8 

220 

0-321 

57-8 

$ 
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Table  II — continued. 
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Q 
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d 

t 

ip 

a = 260' — continued 

a = 260 '—continued 

a - 

270 ' — continued 

s 

s 

s 

o 

221 

0-323 

58-2 

257 

0-452 

81-3 

27 

0032 

5-8 

222 

•326 

58-6 

258 

•460 

82-9 

28 

•033 

60 

223 

•328 

591 

259 

•472 

84-9 

29 

•034 

6-2 

224 

•331 

59-5 

260 

0-500 

900 

30 

•035 

6-4 

225 

•333 

59-9 

31 

•036 

6-6 

226 

•336 

60-4 

32 

•037 

6-8 

33 

•039 

7-0 

227 

•338 

60-9 

228 

•341 

61-3 

34 

•040 

7-2 

229 

•343 

61-7 

a^27G' 

35 

•041 

7-4 

36 

•042 

7-7 

230 

•346 

62-2 

0 

0000 

00 

37 

•043 

7-9 

231 

•348 

62-7 

1 

•001 

0-2 

38 

•045 

8-1 

232 

•351 

63-2 

2 

•002 

0-4 

39 

•046 

8-3 

233 

•354 

63-7 

3 

•004 

0-6 

40 

•047 

8-5 

234 

•357 

64-2 

4 

•005 

0-8 

235 

•359 

64-7 

5 

•006 

11 

41 

•048 

8-7 

236 

•362 

65-2 

6 

•007 

1-3 

42 

•049 

8-9 

43 

•051 

9-2 

237 

•365 

65-7 

7 

•008 

1-5 

238 

•368 

66-3 

8 

•010 

1-7 

44 

•052 

9-4 

239 

•371 

66-8 

9 

•on 

1-9 

45 

•053 

9-6 

46 

•054 

9-8 

240 

•374 

67-4 

10 

•012 

21 

47 

•056 

10-1 

241 

•377 

68-0 

11 

•013 

2-3 

48 

•057 

10-3 

242 

•381 

68-6 

12 

•014 

2-5 

49 

•058 

10-5 

243 

•384 

69-2 

,13 

•016 

2-8 

50 

•059 

10-7 

244 

•388 

69-8 

14 

•017 

30 

51 

•060 

10-9 

245 

•391 

70-4 

15 

•018 

3-2 

52 

•061 

11-1  I 

246 

•395 

711 

16 

•019 

3-4 

53 

•063 

11-3 

247 

•399 

71-8 

17 

•020 

3-7 

54 

•064 

11-5 

248 

•403 

72-5 

18 

•022 

3-9 

55 

•065 

11-8 

249 

•407 

73-2 

19 

•023 

4-1 

56 

•066 

120 

250 

•411 

74-0 

20 

•024 

4-3 

57 

•067 

12-2 

58 

•069 

12-4 

251 

•416 

74-9 

21 

•025 

4-5 

59 

•070 

12-6 

252 

•421 

75-7 

22 

•026 

4-7 

253 

•426 

76-7 

23 

•027 

4-9 

60 

•071 

12-8 

254 

•432 
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•119 

21-5 

143 

•164 

•165 

29-6 

70 

•077 

13-9 

107 

•121 

21-7  I 

144 

29-8 

71 

•078 

14-1 

108 

•122 

21-9 

145 

•167 

30-0 

72 

•079 

14-3 

109 

•123 

221 

146 

•168 

30-3 

73 

•080 

14-5 

110 

•124 

22-3 

147 

•169 

30-5 

74 

•082 

14-7 

111 

•125 

22-5 

148 

•171 

30-7 

75 

•083 

14-9 

112 

•126 

22-7 

149 

•172 

31-0 

76 

•084 

15-2 

113 

•127 

23-0 

150 

•173 

31-2 

77 

•085 

15-4 

114 

•129 

23-2 

151 

•174 

31-4 

78 

•087 

15-6 

115 

•130 

23-4 

152 

•175 

31-6 

79 

•088 

15-8 

116 

•131 

23-6 

153 

•176 

31-9 

80 

•089 

16-0  j 

117 

•132 

23-9 

154 

•178 

32-1 

118 

•134 

24-1 

155 

•179 

32-3 

81 

•090 

16-2 

119 

•135 

24-3 

156 

•181 

32-6 

82 

•091 

16-4 

83 

•092 

16-6 

120 

•136 

24-5 

157 

•183 

32-8 

158 

•184 

33-0 

84 

•094 

16-8 

121 

•137 

24-7 

159 

•185 

33-3 

85 

•095 

17-0 

122 

•138 

24-9 

86 

0-096 

17-3 

123 

0-140 

251 

160 

0-186 

33-5 
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e 

t 

V 

d 

t 

V 

Q 

t 

V 

a — 

290 ' — continued 

a — , 

290 ' — continued 

' a — 

290 ' — continued 

s 

s 

s 

161 

0-187 

33-7 

197 

0-238 

42-8 

234 

0-299 

53-8 

162 

•188 

34-0 

198 

•239 

431 

235 

•301 

541 

163 

•190 

34-2 

199 

•241 

43-3 

236 

•302 

54-5 

164 

•191 

34-5 

200 

•242 

43-6 

237 

•304 

54-8 

165 

•192 

34-7 

201 

•244 

43-9 

238 

•306 

55-2 

166 

•194 

34-9 

| 202 

•245 

44-2 

| 239 

•308 

55-6 

167 

•195 

35-2 

203 

•247 

44.4 

240 

•310 

55-9 

168 

•196 

35-4 

204 

•248 

44-7 

241 

•312 

56-3 

169 

•198 

35-7 

205 

•250 

45-0 

242 

•314 

56-6 

•199 

35-9 

206 

•252 

45-3 

243 

•316 

57-0 

170 

•200 

36-1 

207 

•253 

45-6 

244 

•318 

57-3 

171 

208 

•255 

45-8 

245 

•320 

57-7 

172 

•202 

36-4 

209 

•256 

46-1 

246 

•322 

58-1 

17.3 

•203 

36-6 

36- 9 

37- 1 
37-4 

210 

•258 

46-4 

247 

•324 

58-5 

174 

175 

176 

•205 

•206 

•207 

211 

212 

•260 

•261 

46- 7 

47- 0 

248 

249 

•326 

•328 

58- 8 

59- 2 

213 

•263 

47-3 

250 

°331 

59-6 

177 

•209 

37-6 

•264 

178 

•210 

37-9 

214 

47-6 

251 

•333 

60-0 

179 

•212 

38-1 

215 

•266 

47-9 

252 

•335 

60-4 

216 

•268 

48-2 

253 

•337 

60-8 

180 

•213  . 

38-4 

•269 

217 

48-5 

254 

•339 

61-2 

181 

•214 

38-6 

218 

•271 

48-8 

255 

•342 

61-6 

182 

•215 

38-9  1 

219 

•272 

49-1 

256 

•344 

62-0 

183 

•217 

39-1 

220 

•274 

494 

257 

•347 

62-4 

184 

•218 

39-4 

221 

•275 

49-7 

258 

•349 

62-9 

185 

•219 

39-6 

222 

•277 

50-0 

259 

•352 

63-3 

186 

•221 

39-9 

223 

•279 

50-3 

260 

•354 

63-7 

187 

•222 

40-1 

224 

•281 

50-6 

261 

•356 

64-1 

188 

•223 

40-4 

225 

•283 

50-9 

262 

•359 

64-6 

189 

•225 

40-6 

226 

•284 

51-2 

263 

•361 

65-1 

190 

•227 

40-9 

227 

•286 

51-5 

264 

•364 

65-6 

228 

•288 

51-9 

265 

•367 

66-0 

191 

•229 

41-2 

229 

•290 

52-2 

266 

•370 

66-5 

192 

•230 

41-5 

193 

•231 

41-7 

230 

•292 

52-5 

267 

•372 

67-0 

268 

•375 

67 -6 

194 

•233 

42-0 

231 

•293 

52-8 

269 

•378 

68-1 

195 

•235 

42-3 

232 

•295 

531 

196 

0-236 

42-6 

233 

0-297 

53-5 

270 

0-381 

68-6 
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0 

t 

ip 

6 

t 

V 

e 

t 

V 

a — 290' — - continued 

a = 300' — continued 

a = 300 ' — continued 

s 

s 

s 

o 

271 

0-384 

69-1 

11 

0-012 

2-1 

47 

0-050 

9-0 

272 

•387 

69-7 

12 

•013 

2-3 

48 

•051 

9-2 

273 

•390 

70-3 

13 

•014 

2-5 

49 

•052 

9-4 

274 

•394 

70-9 

14 

•015 

2-7 

50 

•053 

9-6 

275 

•397 

71-5 

15 

•016 

2-9 

51 

•055 

9-8 

276 

•401 

72-1 

16 

•017 

30 

52 

056 

10-0 

53 

•057 

10-2 

277 

•404 

72-8 

17 

•018 

3-2 

278 

•408 

73-5 

18 

•019 

3-4 

54 

•058 

10-4 

279 

•412 

74-2 

19 

•020 

3-6 

55 

•059 

10-6 

56 

•060 

10-8 

280 

•416 

74-9 

20 

•021 

3-8 

57 

•061 

110 

281 

•420 

75-7 

21 

•023 

4-0 

58 

•062 

11-2 

282 

•425 

76-5 

22 

•024 

4-2 

59 

•063 

11-4 

283 

•430 

77-4 

23 

•025 

4-4 

60 

•064 

11-6 

284 

•435 

78-3 

24 

•026 

4-6 

61 

•066 

11-8 

285 

•441 

79-4 

25 

•027 

4-8 

286 

•447 

80-5 

26 

•028 

4-9 

62 

•067 

12-0 

63 

•068 

12-2 

287 

•454 

81-8 

27 

•029 

5-1 

64 

•069 

12-4 

288 

•463 

83-3 

28 

•030 

5-3 

289 

•474 

85-2 

29 

•031 

5-5 

65 

•070 

12-6 

66 

•071 

12-7 

290 

0-500 

90-0 

30 

•032 

5-7 

67 

12-9 

•072 

31 

•034 

5-9 

68 

•073 

131 

32 

•035 

6-1 

69 

•074 

13-3 

33 

•036 

6-3 

70 

•075 

13-5 

a — soo7 

I 

34 

35 

•037 

•038 

6-5 

6-7 

71 

72 

•077 

•078 

13-7 

13-9 

0 

0-000 

( 

0-0 

36 

•039 

6-9 

73 

•079 

141 

1 

•001 

0-2 

37 

•040 

7-1 

74 

•080 

14-3 

2 

•002 

0-4 

38 

•041 

7-3 

75 

•081 

14-5 

3 

•003 

0-6 

39 

•042 

7-5 

76 

•082 

14-7 

4 

•004 

0-8 

40 

•043 

7-7 

77 

•083 

14-9 

5 

•005 

1-0 

78 

•084 

151 

6 

•006 

11 

41 

•044 

7-9 

79 

•085 

15-3 

42 

•045 

8-1 

7 

•007 

1-3 

43 

•046 

8-3 

80 

•086 

15-5 

8 

•008 

1-5 

9 

•009 

1-7 

44 

•047 

8-5 

81 

•088 

15-7 

45 

•048 

8-7 

82 

•089 

15-9 

10 

0011 

1-9 

46 

0-049 

8-8 

83 

0-090 

161 
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Table  II— continued. 


1 

e 

t 

V 

6 

t 

V 

6 

t 

V 

a — 300 ' — continued 

a — « 

300 ' — continued 

a — « 

300 ' — continued 

s 

s 

s 

o 

84 

0091 

16-3 

121 

0-132 

23-8 

157 

0-176 

31-6 

85 

•092 

16-5 

122 

•134 

24-0 

158 

•177 

31-8 

86 

•093 

16-7 

123 

•135 

24-2 

159 

•178 

32-0 

87 

•094 

16-9 

124 

•136 

24-4 

160 

•179 

32-2 

88 

•095 

17-1 

125 

•137 

24-6 

161 

•180 

32-4 

89 

•096 

17-3 

126 

•139 

24-9 

162 

•182 

32-6 

90 

•097 

17-5 

127 

•140 

25-1 

163 

•183 

32-9 

91 

•099 

17-7 

128 

•141 

25-3 

164 

•184 

33-1 

92 

•100 

17-9 

129 

•142 

25-5 

165 

•186 

33-3 

93 

•101 

18-1 

130 

166 

•187 

33-6 

•143 

25-7 

94 

•102 

18-3 

131 

25-9 

167 

•188 

33-8 

95 

•103 

18-5 

•144 

168 

•190 

34-0 

96 

•104 

18-7 

132 

•145 

26-1 

169 

•191 

34-3 

133 

•147 

26-3 

97 

•105 

18-9 

170 

•192 

34-5 

98 

99 

•106 

•107 

19-1 

19-3 

134 

135 

136 

•148 

•149 

•150 

26-5 

26- 7 

27- 0 

171 

172 

•193 

•195 

34-7 

34-9 

100 

•108 

19-5 

173 

•196 

35-2 

•109 

137 

•152 

27-2 

101 

19-7 

138 

•153 

27-4 

174 

•197 

35-4 

102 

•111 

19-9 

139 

•154 

27-6 

175 

•199 

35-6 

103 

•112 

20-1 

176 

•200 

35-9 

140 

•155 

27-8 

104 

•113 

20-3 

177 

•201 

36-1 

105 

•114 

20-5 

141 

•156 

28-0 

178 

•203 

36-3 

106 

•115 

20-7 

142 

•157 

28-2 

179 

•204 

36-6 

107 

•117 

20-9 

143 

•159 

28-5 

180 

•205 

36-9 

108 

•118 

211 

144 

•160 

28-7 

181 

•206 

37-1 

109 

•119 

21-3 

145 

•161 

28-9 

182 

•208 

37-4 

110 

•120 

21-5 

146 

•162 

29-1 

183 

•209 

37-6 

111 

•121 

21-7 

147 

•164 

29-4 

184 

•210 

37-9 

112 

•122 

21-9 

148 

•165 

29-6 

185 

•212 

38-1 

113 

•124 

22-1 

149 

•166 

29-8 

186 

•213 

38-3 

114 

•125 

22-3 

150 

•167 

30-0 

187 

•215 

38-6 

115 

•126 

22-6 

188 

•216 

38-8 

116 

•127 

22-8 

151 

•168 

30-2 

189 

•217 

39-1 

152 

•170 

30-4 

117 

•128 

23-0 

153 

•171 

30-7 

190 

•218 

39-3 

118 

•129 

23-2 

119 

•130 

23-4 

154 

•172 

30-9 

191 

•220 

39-5 

155 

•173 

311 

192 

•221 

39-8 

120 

0131 

23-6 

156 

0-175 

31-3 

193 

0-223 

40-1 
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6 

t 

V 

e 

t 

V> 

l 6 

t 

w 

a — 

300' — -continued 

a — 

300' — continued 

a = 

300 ' — continued 

J 

s 

s 

s 

194 

0-224 

40-4 

231 

0-279 

50-4 

267 

0-350 

62-9 

195 

•225 

40-6 

232 

•281 

50-7 

268 

•352 

63-3 

196 

•227 

40-9 

233 

•283 

510 

269 

•355 

63-8 

197 

•228 

411 

234 

•285 

51-3 

270 

•357 

64-2 

198 

•230 

41-3 

235 

•287 

51-6 

199 

•231 

41-6 

• 

236 

•288 

51-9 

271' 

•360 

64-6 

200 

•232 

41-8 

237 

•290 

52-2 

272 

362 

65-1 

201 

•234 

42-1 

238 

•291 

52-5 

273 

•365 

65-5 

202 

•235 

42-3 

239 

•293 

52-8 

274 

•367 

66-0 

203 

204 

•237 

42-6 

240 

■295 

531 

275 

276 

•369 

•372 

66-5 

66-9 

•238 

42-8 

205 

206 

207 

•240 

•241 

43-1 

43-3 

241 

242 

243 

•297 

•298 

•300 

53-4 

53- 8 

54- 1 

277 

278 

279 

•375 

•377 

•380 

67-4 

67- 9 

68- 4 

•243 

43-6 

208 

•244 

43-8 

244 

•302 

54-5 

209 

•245 

441 

245 

•304 

54-8 

280 

•383 

69-0 

246 

•306 

55- 1 

210 

•247 

44-4 

281 

■386 

69-5 

211 

212 

•248 

•250 

44- 7 

45- 0 

247 

248 

249 

•308 

•310 

•312 

55-5 

55- 8 

56- 2 

282 

283 

•389 

•392 

70-0 
70-6  j 

213 

•251 

45-2 

284 

•395 

71-2 

214 

•252 

45-5 

250 

•314 

56-5 

285 

•399 

71-8 

215 

•254 

45-8 

251 

•316 

56-8 

286 

•402 

72-5 

216 

•255 

46-1 

252 

•318 

57-2 

287 

•406 

73-1 

217 

•257 

46-4 

253 

•320 

57-5 

288 

•410 

73-8 

218 

•258 

46-6 

254 

•322 

57-9 

289 

•414 

74-5 

219 

•260 

46-9 

255 

•324 

58-2 

75-2 

220 

•262 

47-2 

256 

•326 

58-6 

290 

•418 

221 

•263 

47-5 

257 

•328 

59-0 

291 

•422 

76-0 

222 

•265 

47-8 

258 

•330 

59-3 

292 

•426 

76-8 

223 

•266 

48-0 

259 

•332 

59-7 

293 

•431 

77-6 

224 

•268 

48-3 

260 

•334 

60-1 

294 

•436 

78-5 

225 

•270 

48-6 

295 

•442 

79-5 

226 

•271 

48-9 

261 

•336 

60-5 

296 

•448 

80-7 

262 

•338 

60-9 

227 

•273 

49-2 

263 

•340 

61-3 

297 

•455 

81-9 

228 

•274 

49-5 

298 

•463 

83-4 

229 

•276 

49-8 

264 

•342 

61-7 

299 

•474 

85-4 

265 

•345 

62T 

230 

0-278 

501 

266 

0-347 

62-5 

300 

0-500 

90-0 

( Issued  separately  October  3,  1918.) 


1917-18.]  Determinants  of  a 4-by-8  Array. 


219 


XVIII. — The  Quadratic  Relations  between  the  Determinants  of  a 
4-by-8  Array.  By  Sir  Thomas  Muir,  LL.D. 

(MS.  received  May  14,  1918.  Read  June  3,  1918.) 

1.  The  theorem  which  expresses  the  product  of  two  determinants  as  a 
sum  of  like  products  is  the  main  instrument  for  investigating  the  relations 
between  the  determinants  of  an  oblong  array.  It  is  justifiably  spoken  of 
as  “ Sylvester’s  theorem  of  1839  and  1851,”  although  simple  cases  of  it  date 
back  to  far  earlier  times ; for  example,  the  case 

\af2c3  \ \dxejf  = K Ms!  \cie2fs  \ “ \ aic2ds  \ I V2/3I  + bW'^l  KVsl 

which  was  brought  to  light  by  Bezout  in  1779.* 

2.  The  most  interesting  array,  and  the  one  that  has  come  in  for  most 
attention,  is  that  having  n rows  and  2 n columns, — in  other  words,  the 
array  formed  by  the  juxtaposition  of  the  arrays  of  two  n-line  determinants. 

3.  Much  of  the  difficulty  experienced  in  dealing  with  the  relations  con- 
necting the  determinants  of  such  an  array  has  been  due  to  the  want 
of  a suitable  notation  for  the  binary  products  involved ; and  the  main 
object  of  this  note  is  to  draw  attention  to  a notation  that  promises  to  be 
helpful. 

4.  Taking  the  case  where  n is  4,  say  the  case  of  the  array 

«i  bi  ci  A ei  A 9i  \ 
a4  64  c4  d4  e4  f\  g 4 \ 

we  readily  find  that  the  full  number  of  binary  products 

I «ACS' di  I I ei Mh  ! > I aih2C^  I I dlf2%\  b • ■ * 

is  35,  and  the  problem  has  been  how  to  specify  these  35  by  a short, 
natural  and  suggestive  notation.  The  solution  here  proposed  rests  on  the 
fact  that  35  is  the  sum  of  the  four  squares  1,  9,  9,  16,  and  that  the 
double-suffix  notation  thus  becomes  available. 

* A curious  fate  lias  attended  this  theorem  of  recent  years.  Although  it  is  of  funda- 
mental importance,  and  used  to  be  so  considered  by  the  earlier  writers  of  text-hooks  like 
Brioschi  and  Baltzer,  we  have  the  unfortunate  fact  now  facing  us  that  no  mention  of  it  is 
made  in  any  of  the  students’  manuals  at  present  on  sale  by  publishers  throughout  the 
world.  For  proof  see  Scott  in  English,  Pascal  in  Italian,  Kowalewski  in  German,  am"! 
Dostor  in  French. 
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5.  The  determinant  factors  constituting  any  one  of  the  binary  products 
are  most  readily  indicated  by  the  numbers  which  their  columns  bear  in  the 
array ; for  example,  the  binary  products  mentioned  in  the  preceding 
paragraph  are  then 

| 1 2 34  | | 5678  | , | 1 2 3 5 j [ 4 6 7 8 J , ... 

We  thus  quite  safely  dispense  with  the  use  of  letters  altogether.  Further, 
when  the  number  of  columns  is  double  the  number  of  rows,  there  is  an 
additional  advantage  in  denoting  the  second  n columns  by  the  accented 
numbers  1',  2',  . . . , n,  our  examples  then  becoming 

| 1 2 3 4 | | 1'2'3'4'|,  | 123  1' | | 4 2'3'4'  | , . . . 

6.  The  full  number  of  binary  products  of  the  determinants  of  an 
n-6y-2n  array  is 

n)2  + (Gw,  n-l)2  + * * * +(C„)0)2}. 

This  is  seen  at  once  on  proceeding  to  classify  the  products  according  to  the 
number  of  columns  taken  from  the  first  n columns  of  the  array  to  form  the 
first  factor  of  the  product;  for  example, 

n columns  taken,  1 product ; 
n - 1 columns  taken,  (CWi  n_f)2  products  ; 

and  so  on. 

Another  expression  for  the  same  is  Czn-^n-i* 

7.  When  n is  odd  we  can  perform  the  division  by  2 in  the  expression 
for  the  number  of  products,  the  result  being 


f‘2  , p2  1 

v^'n,  n T ^n,  n—  ] ' 


+ Ck 


n,  |(n+l)  ; 


but  when  n is  even  it  is 


Cfi,  n + C2| + * * * + in  , 

there  being  the  difficulty  of  the  J in  the  final  term.  This,  however,  is  only 
apparent,  for  putting  2m  for  n we  have 

2m(2m  — 1)  • • • (m  + 1 ) 


< ’ = 


1 • 2 


m 


and  . * . 


_ 2(2m  — 1) 

1 . 2 • 


(m  + 1) 
(m  — 1 ) 


= 2G 


2m- 1,  m— 1 j 


ur  — \2 

2\KJ2m,mJ  ‘J\ v-'2m— 1,  m— 1/  5 


* 


the  half  of  a square  being  supplanted  by  two  squares,  as  exemplified  already 
in  § 4. 

The  number  of  squares  is  thus  \(yi  + 1 ) when  n is  odd,  and  hn-\-2  when 


n is  even. 
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8.  In  the  next  place  it  has  to  be  noted  that  in  devising  a notation  for 
the  binary  products  it  is  desirable  that  the  second  factor  of  a product  may 
be  left  out  of  consideration  altogether,  a result  that  will  be  obtained  if  the 
notation  for  it  be  readily  recoverable  from  the  notation  for  the  first  factor. 
Now,  as  soon  as  the  columns  of  the  first  factor  are  known  we  know  the 
columns  that  must  go  to  form  the  second,  so  that  all  that  remains  to  be 
attended  to  is  a convention  as  to  the  order  in  which  the  columns  are  to  be 
taken.  The  following  is  here  adopted : (a)  the  first  factor  is  to  begin  with 
the  numbers  taken  from  the  first  given  determinant,  (j8)  the  second  factor 
is  to  begin  with  the  remaining  numbers  of  the  second  given  determinant, 
(y)  the  numbers  taken  from  each  of  the  given  determinants  are  always  to 
be  placed  in  ascending  order : for  example,  if  the  products 

| 1 3'4  2 | | 3 1'4'2'|,  | 1 3'3  4'|  | 2 4 2'1'| 
turned  up  in  the  course  of  work,  they  would  be  written 

- | 1 2 4 3' | | 1'2'4'3  | , | 1 3 3'4'  | | 1'2'2  4 | . 

9.  When  this  convention  is  accepted  it  will  be  found  that  the  products 
group  themselves  naturally  into  square  arrays,  the  principle  at  the  basis  of 
the  arrangement  being  that  the  products  occupying  a row  of  a square 
have  in  their  first  factors  the  same  unaccented  numbers,  and  those  occupy- 
ing a column  have  the  same  accented  numbers.  For  example,  we  have 
the  square 


| 1 2 1'2' | 

| 3'4'3  4 | 

I 1 2 1'3'| 

j 2'4'3  4 | 

| 1 2 1'4'  j 

| 2'3'3  4 | 

| 1 3 1'2'|  | 

3'4'2  4 | 

I 1 3 1'3'|  | 

2'4'2  4 | 

| 1 3 1'4' | 

| 2/3/2  4 | 

| 1 4 1'2'| 

| 3'4'2  3 | 

1 4 1'3'|  | 

2'4'2  3 | 

| 1 4 1'4' 

| | 2'3'2  3 | 

where  the  rows  are  respectively  distinguished  by  the  presence  of 

12,  13,  14 

in  the  first  factors,  and  the  columns  by  the  presence  of 

, 1'2',  1'3',  1'4' 

in  the  first  factors.  Similarly  we  have  a square  whose  rows  are  dis- 
tinguished by 

12,  13,  14 

respectively,  and  columns  by 

3'4',  2'4',  2'3' 

respectively.  And  lastly  we  have  a four-line  square  with 

1,  2,  3,  4 

distinguishing  the  rows,  and 


2'3'4',  1'3'4',  1'2'4',  1'2'3' 
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distinguishing  the  columns ; so  that,  for  example,  the  product  in  the  (2,  4)th 
place  is 


2 12  3' 


4'1  3 4 |. 


The  determinants  of  the  arrays  can  thus  be  unambiguously  specified  by 
their  diagonal  terms,  and  this  is  not  at  all  seriously  interfered  with  by  the 
further  convention  that  the  product  in  the  (r,  s)th  place  shall  take  the  factor 

(-i  y+s. 

10.  Denoting  the  elements  of  the  three  arrays  by  double-suffixed  b’s,  c s, 
d’s  respectively,  and  the  unique  product 

| 1 2 3 4 | | 1'2'3'4'j  by  an, 

we  complete  our  scheme  of  notation,  which  may  be  epitomised  thus : The 
35  binary  products  of  the  determinants  of  a 4<-by-S  array  are  the 
elements  of  the  determinants 


| | 1 2 3 4 | 

| 1'2'3'4'|  1 

* 

3 

| 1 2 1'2'| 

[ 3'4'3  4 | 

• | 1 3 1'3'| 

| 2'4'2  4 | • 

| 1 4 1'4'|  | 

2'3'1  2 

| 1 2 3'4'|  | 

1'2'3  4 | 

• | 1 3 2'4'| 

| 1'3'2  4 | • 

| 1 4 2'3'j  | 

l'4'l  2 

1'2  3 4 | • 

| 2 1'3'4'j 

| 2'1  3 4 | - 

| 3 1'2'4'| 

| 3 1 2 4 | . 

| 4 1'2'3' 

and  are  thus  effectively  denoted  by 


a\\  ’ I ^13  I ’ 


13  I 5 


d 


14 


11.  As  regards  the  brevity  of  the  notation,  nothing  requires  to  be  said. 
It  may  be  well,  however,  to  show  by  a few  examples  how  helpful  it  is  in 
suggestiveness,  and  especially  what  notable  orderliness  it  introduces  into 
the  working  formulae. 

12.  In  the  first  place  we  may  instance  the  results  of  the  application  of 
Sylvester’s  theorem  to  | 1 2 3 4 1 | f'2'3'4' | . When  it  is  single  columns 
that  are  interchanged  the  results  take  the  very  simple  form 


d\\  4~  d\2  4*  ^13  + d 

d01  9 + d g + d,0A  = 


14 


24 


d'3\  4-  d^  + d33  + dM  — 
^41  4-  d4.2  4-  dA3  + d44  = J 


V a 


li 


— ^n  4*  d^i  4-  d^-y  + d4y 
1 1 yo  4"  dgg  I d q.)  — d 

= d13  + d23  + d33  4-  di3 
= ^14  4”  ^24  4“  d3y  4~  d4/y  . 


In  other  words,  we  have  eight  expressions  for  an,  namely,  the  sum  of  any 
one  of  the  eight  lines  of  the  determinant. 
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When  it  is  pairs  of  columns  that  are  interchanged  the  results  are 


Cl  4"  C2  4”  ^13  4"  4"  c12  4~  ^13  = 

Cl  “t  ^22  4“  ^23  4~  C21  + C22  4"  C23  = 
Cl  4“  C2  + Cs  C31  4"  C32  4“  C33  = 


a 


11 


= &X1  + b2l  + b3l  + cu  + c.21  + c31 

= C2  4~  ^22  ^32  4"  C12  "t  C22  4"  C32 

— />13  + /)2g  4-  &33  + C13  + C23  + C33  , 


where  there  is  the  same  simplicity,  any  line  of  | &13  | with  the  corresponding 
line  of  | c13  | taking  the  place  of  any  line  of  | du  | in  the  former  statement. 

13.  Closely  connected  with  these  two  sets  are  the  following : 


Cl  "t  C2  4~  ^13  = Al  + Al  ’ 
Cl  + C2  + C3  = Al  Al  5 
Cl  4"  C2  4~  C3  — Al  4~  Al  ’ 


C11 

C21 

C31 


+ C12 
+ C22 
+ C32 


+ c13  = dn  + Ai , 

+ C23  = Ai  4~  Ai  5 

4~  C33  = Al  4~  Al  > 


and  other  six  derived  therefrom  by  changing  each  element  into  its 
conjugate.  By  addition  we  evidently  obtain 

Ci  4~  C2  ^ C3  cn  4-  ri2  ci3 = Ai  4~  Ai  4~  Ai  + Ai  — au  5 


and  the  five  others  like  it  in  § 12. 

14.  From  §§12,  13  we  have  simple  expressions  for  the  sums  of  the 
elements  of  the  determinants,  namely, 


2C  — 2<hi  2Ai  > 

c = a1(  + > 

2A  = Hi  ; 


so  that  the  sum  of  the  35  products  is  8an. 

15.  A set  giving  a choice  of  expressions  for  the  difference  between  one  of 
the  b’ s and  the  corresponding  c is  still  more  interesting,  as  in  the  long 
notation  the  terms  of  the  equalities  seem  quite  devoid  of  order  and  are 
practically  unrememberable.  In  one  of  its  forms  the  set  is 


11  - cn  = an 
21  ~ c2i aw 
31  ~ c3i = an 


i 

A3 

+ 

d 

l 

+ 

A3 

+ 

A 4 

f 

+ 

A4 

l 

+ 

As 

+ 

A4 

/ 

A3 

+ 

d24 

l 

+ 

A3 

+ 

A4 

'12 


F 


22 


C12  “ ail 

- c22  = an 


f d32  + dM 

l + A2  + d44 

_ / A2  4~  A4 
l 4-  A 2 4“  A4 


C2  c32  — an 


{ + d32  + d 


“22  4"  A4 


y34 


]t  _ _ n _ f A 2 + As 

°13  ci3“an  1 + d*n  + d 


43 


'23 


C23  — ail 


A2  "t  As 

+ A2  ”1“  d, 


43 


^33  c- 


33 


= a 


f d^p  + d, 

^ f + A2  4“  d 


23 

v33 


where  the  square  arrays  stand  for  quadrinomials  and  are  arrays  of  two-line 
minors  of  | A4  I • Each  array  is  replaceable  by  another  of  the  same 
kind,  by  reason  of  the  fact  that  on  account  of  the  sum  of  the  elements 
of  any  line  of  \ du  \ being  constant , the  sum  of  the  elements  of  any 
two-line  minor  is  equal  to  the  sum  of  the  elements  of  the  complementary 


minor. 
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There  is  a similar  set  beginning  with 

Ei  ~ cn~  ~ an  + j 


E3  + E4 


+ d9o  + d 


23  ~ 24 


16.  Taking  the  equalities  occupying  the  diagonal  of  the  square  of 
15  we  obtain 

El  E2  d"  E3  ~ *01  ~~  ^22  C33  = ~ 2(^22  d-  E3  d-  El) 


E3  El  E2  El  E2  E3  ’ 


which  on  substituting  for  3un  the  elements  of  the  last  three  rows  of  | du 
becomes 


Ei  d-  E2  d-  ^ 


33 


C11  C22  C33  ~~  (E2  d*  E3  d"  E4)  d"  El  d"  El  El  > 

= GLyy  — {dyy  + ^ 2 ^ ^33  ^ El)  > 


or,  say, 


a 


n 


li 


+ 2%  2Bi~o 


a tlieorem  established  by  Pascal  for  the  purpose  of  applying  it  to  a special 
form  of  skew  determinant.* 

17.  In  the  same  way  it  is  shown  that 


E2  C12  l 
d"  El  ~ C21  ) 

^13  ~ C13  l 
+ El  “ C31  J 

E3  _ f>23  l 
+ E2  ~ 6*32  i 


= — Ei  + E2  d~  E3 ~ E4  5 
= — Ei  d-  E2 — E33  + E4  ’ 
= — El  — E2  d~  E3  d~  E4  J 


and  hence  by  addition 


c / , Ei ) ( JL  c 2L  cn  ) — °Ei  d~  E2  + E3  + E4 


Further,  as  we  know  from  § 14  that 


it  follows  that 


2Ei-4«ii  ^L/Ei  > 


(2>-2>n)-(2>-2E+(2^ 


2rfn ) _ En  -/i.)  . 


* Pascal,  E.,  Sui  determinant!  gobbi  a matrici.  Rendic.  . . . Accad.  . . . di  Napoli  (3), 
xxiii,  pp.  40-47. 

Notwithstanding  this  paper  it  would  still  seem  a most  natural  and  simple  way  of  treating 
Voigt’s  determinant  (1)  to  make  the  odd-numbered  rows  occupy  the  1st,  2nd,  3rd,  . . . places 
and  to  reverse  the  order  of  the  remaining  rows,  (2)  to  do  the  same  in  the  case  of  the  columns, 
(3)  to  multiply  the  displaced  rows  by  J - 1 and  the  disjilaced  columns  by  - J — 1,  and  (4) 
to  use  Zehfuss’  theorem  on  the  centrosymmetric  determinant  thus  resulting. 
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18.  For  a last  example  we  may  give  the  set  which  concerns  the  result  of 
diminishing  the  sum  of  the  non-diagonal  elements  of  a row  of  | b13  j by  the 
sum  of  the  non-diagonal  elements  of  the  corresponding  column  of  | c13  \ . 
This  is 

^12  ~ C21  + ^13  ~ C31  ~ ~ ^11  ^ ^22  ’ 

^21  ~ C12  + ^23  ” C32  = — Al  + ^33  J 
^31  — C13  ■**  ^32  ~ C23  = — ^11  ^44  * 

An  alternative  for  the  set  is  got  by  changing  the  elements  in  each  case  into 
the  conjugate  elements;  and  from  either  set  by  addition  there  is  obtained 
the  similarly  obtained  result  of  the  preceding  paragraph. 


Rondebosch,  S.A., 

4th  April  1918. 


( Issued  separately  January  31,  1919.) 
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PROCEEDINGS  OF  THE  STATUTORY  GENERAL  MEETING 
Beginning  the  135th  Session,  1917-1918. 

At  the  Annual  Statutory  Meeting  of  the  Royal  Society  of  Edinburgh,  held  in  the  Society’s 
Lecture  Room,  24  George  Street,  on  Monday,  October  22,  1917,  at  4.30  p.m., 

Dr  Ben.  N.  Peach,  F.  R.S.,  Vice-President,  in  the  Chair, 

the  Minutes  of  the  last  Statutory  Meeting  of  October  23,  1916,  were  read,  approved,  and  signed. 

The  Chairman  nominated  as  Scrutineers  of  the  Voting  Papers,  Mr  W.  Hume  Kerr  and 
Mr  C.  H.  Milne. 

The  Ballot  for  the  Election  of  Office-Bearers  and  Members  of  Council  was  then  taken. 

The  Secretary  submitted  the  following  Report : — 

By  the  death  of  our  Assistant  Librarian,  Mr  Wm.  J.  Beaton,  who  was  killed  at  the  front  on 
September  24,  1917,  the  Society  has  lost  a devoted  and  efficient  servant.  Almost  since  the  out- 
break of  the  war  both  the  Librarians — Mr  George  Stewart  and  the  Assistant  Librarian — have 
been  in  the  service  of  their  country.  They  have  continued  to  hold  office  in  this  Society  during 
these  years. 

Mr  Beaton  joined  the  15th  Royal  Scots,  and  after  being  wounded  in  the  “Big  Push”  in  July 
1916,  he  returned  to  this  country  to  convalesce.  He  subsequently  obtained  a Commission  in  the 
Machine  Gun  Company,  and  it  was  in  that  capacity,  when  inspecting  the  position  of  the  guns  under 
his  care,  that  he  lost  his  way  during  a fog,  and  found  himself  when  the  fog  lifted  close  to  the 
German  lines  ; there  in  full  view  of  his  own  men  he  met  his  death  at  the  hands  of  the  snipers.  He 
was  alive  when  rescued  from  “No  Man’s  Land,”  but  expired  almost  immediately  thereafter.  Lieut. 
Beaton  was  an  only  sou,  and  the  Society  desire  to  express  their  deep  sympathy  with  his  parents 
and  sisters.  * 

Mr  George  Stewart  is  a sergeant  in  the  4th  Royal  Scots,  and  has  served  continuously  through 
the  Dardanelles,  Egyptian,  and  Palestine  campaigns.  He  is  expected  home  on  his  first  leave  before 
the  end  of  the  year.  He  received  special  mention  in  dispatches  some  months  ago. 

The  activities  of  the  Society  have  continued  with  but  slight  abatement  during  the  past  year  in 
spite  of  war  conditions.  The  number  of  papers  read  at  our  meetings  during  1916-17  amounted  to 
34,  of  which  20  have  been,  or  are  being,  printed  in  the  Proceedings , and  7 in  the  Transactions . 
4 of  the  papers  which  are  not  yet  in  the  printers’  hands  will  certainly  be  published  in  due  course. 
Of  the  papers  read  6 were  in  mathematics,  3 in  physics,  4 in  meteorology  and  tides,  6 in  botany, 
8 in  zoology,  3 in  geology,  2 in  anatomy,  and  2 in  physiology.  If  we  take  31  as  the  number  of 
papers  which  have  been  or  will  be  published  in  the  Proceedings  and  Transactions  of  the  last  session, 
and  compare  this  with  the  41  papers  of  1913-14,  and  the  41  papers  of  1914-15,  we  see  that  the 
diminution  in  publication  on  account  of  war  conditions  amounts  to  about  one-fourth.  It  is  certain, 
however,  that  there  will  be  a greater  fall-off  in  publication  during  the  coming  session,  partly  on 
account  of  the  energies  of  scientific  workers  being  devoted  to  war  purposes,  and  partly  on  account 
of  the  necessity  of  keeping  down  our  expenses. 

The  disastrous  fire  which  destroyed  Messrs  Neill  & Co.’s  printing  works  in  May  of  1916  dis- 
organised the  publication  of  both  our  Proceedings  and  Transactions.  One  whole  Part  of  the 
Transactions  had  to  be  reset  and  reprinted,  and  a considerable  portion  of  another  Part.  This  also 
caused  great  delay,  so  that  what  ought  to  have  been  published  in  1915-16  did  not  appear  until  this 
year.  Only  one  Part  of  the  Transactions  was  issued  in  1916  ; and  during  this  last  session  we  have 
made  up  arrears  by  issuing  five  Parts  instead  of  the  customary  three. 

Our  financial  loss  on  account  of  the  fire  was  considerable,  and  this,  added  to  the  increase  in 
prices,  has  seriously  affected  our  finances,  regarding  which  the  Treasurer  will  give  a separate 
Report. 

The  new  method  for  the  election  of  Fellows  has  now  been  in  existence  for  two  years,  and  has 
proved  in  every  respect  a successful  change  of  procedure.  Last  March  the  Society  elected  21  new 
Fellows,  and  we  have  lost  during  the  session  by  death  and  resignation  9 Ordinary  Fellows  and  1 
Honorary  Fellow.  There  are  at  this  moment  627  Fellows,  of  whom  261  are  annual  subscribers. 

Two  prizes  were  awarded  during  the  year—  the  Makdougall-Brisbane  Prize  to  Dr  R.  A.  Houstoun 
of  Glasgow  University,  and  the  Gunning  Victoria  Prize  to  Sir  Thos.  Muir  of  South  Africa. 

Great  progress  has  been  made  in  the  cataloguing  of  the  Library,  which  has  been  carried  out 
under  the  direct  supervision  of  Dr  Sutherland  Black,  who  voluntarily  retired  from  the  Curator- 
ship  last  year.  Through  the  united  efforts  of  our  Assistant  Librarian — Miss  Le  Harivel — and 
Miss  Dorothy^  Charlton  (specially  engaged  by  Dr  Black  for  the  purpose  of  cataloguing)  we  not 
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only  know  what  journals  and  books  we  have  in  our  possession,  but  are  able,  at  a moment’s  notice, 
to  lay  our  hands  upon  them.  It  is  appropriate  at  this  time  that  special  thanks  be  given  to 
Dr  Black  and  these  two  ladies  for  their  devoted  work  in  this  connection. 

The  Treasurer  submitted  his  Report  for  the  preceding  Session,  drawing  special  attention  to 
the  re-investment  of  the  Society’s  funds  in  the  War  Loan,  and  to  the  causes  of  increased  expendi- 
ture during  the  preceding  Session. 

On  the  motion  of  the  Hon.  Lord  Guthrie,  the  Treasurer’s  Report  was  adopted,  and  Messrs 
Lindsay,  Jamieson  & Haldane,  C.A.,  were  reappointed  auditors  for  the  ensuing  Session. 

The  Scrutineers  reported  that  the  Balloting  Papers  had  all  been  in  order,  and  that  the  following 
Council  had  been  duly  elected  : — 

John  Horne,  LL.D.,  F.R.S.,  F.G.S.,  President. 

The  Right  Honourable  Sir  J.  H.  A.  Macdonald,  P.C.," 

G.C.B  , K.C.,  LL.D.,  D.L.,  F.R.S.,  M.I.E.E., 

Professor  R.  A.  Sampson,  M.A.,  D.Sc. , F.R.S. , 

Professor  D’Arcy  Thompson,  C.B.,  B.  A.,  F.R.S., 

Professor  James  Walker,  D.Sc.,  Ph.D.,  LL.D.,  F.R.S., 

Professor  George  A.  Gibson,  M.A.,  LL.D., 

Robert  Kidston,  LL.D.,  F.R  S.,  F.G.S., 

Cargill  G.  Knott.  D.Sc.,  LL.D.,  General  Secretary. 

Professor  Arthur  Robinson,  M.D.,  M.R.C.S., 

Professor  E.  T.  Whittaker,  Sc.D. , F.R.S. , 

James  Currie,  M.A.,  Treasurer. 

A.  Crichton  Mitchell,  D.Sc.,  Hon.  D.Sc.  (Geneva),  Curator  of  Library  and  Museum. 


-Vice-Presidents. 


'I  Secretaries  to  Ordinary 
J Meetings. 


ORDINARY  MEMBERS  OF  COUNCIL. 


J.  H.  Ashworth,  D.Sc.,  F.R.S. 

Professor  C.  G.  Barkla,  D.Sc.,  F.R.S. 
Professor  C.  R Marshall,  M.A.,  M.D. 
JohnS.  Black,  M.A.,  LL.D. 

Sir  George  A.  Berry,  LL.D.,  M.B. , F.R.C.S.E. 
John  S.  Flett,  M. A.,  D.Sc.,  LL.D.,  F.R.S. 
Professor  Magnus  Maclean,  M.A.,  D.Sc., 
M.  Inst.C.E. 


Professor  David  Waterston,  M.A.,  M.D., 
F.R.C.S.E. 

Professor  F.  0.  Bower,  M.A.,  D.Sc.,  F.R.S., 
F L S 

Professor  P.  T.  Herring,  M.D.,  F.R.C.P.E. 
Professor  T.  J.  Jehu,  M.A.,  M.D..  F.G.S. 
Alexander  Lauder,  D.Sc. 


Society’s  Representative  onlWlLLIAM  AllAN  Cartee  M.Inst.C.E. 
George  Her  lot  s trust  J 

The  Chairman,  in  the  name  of  the  Society,  thanked  the  Scrutineers  for  their  Report. 
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PROCEEDINGS  OF  THE  ORDINARY  MEETINGS, 

Session  1917-1918. 

FIRST  ORDINARY  MEETING. 

Monday,  November  5,  1917. 

Dr  John  Horne,  F.R.  S.,  F.G.S. , President,  in  the  Chair. 

The  President  opened  the  Session  with  a short  Address  on  Recent  Developments  of  the  Com- 
mittee of  the  Privy  Council  for  Scientific  and  Industrial  Research. 

The  President  referred  to  the  valuable  work  of  Dr  Sutherland  Black  in  association  with  the 
cataloguing  of  the  Library,  and  to  the  assistance  of  the  Carnegie  Trust  in  the  publication  of 
scientific  papers. 

The  following  Communications  were  read  : — - 

1.  Period  of  Survival  of  the  Shore-crab  ( Carcinus  mcenas)  in  Distilled  Water.  By  R.  K.  S. 
Lim.  Communicated  by  Sir  E.  A.  Schafer. 

2.  Note  on  a Fire-ball  seen  at  Philpstoun  House,  Abercorn.  By  Mr  A.  Agnkw  Ralston. 
Communicated  by  Mr  W.  A.  Tait. 

Mr  R.  W.  Dron  signed  the  Roll,  and  was  duly  admitted  a Fellow  of  the  Society. 


SECOND  ORDINARY  MEETING. 

Monday,  December  3,  1917. 

Dr  John  Horne,  F. R. S.,  F.G.S.,  President,  in  the  Chair. 

The  following  Communications  were  read  : — 

1.  Obituary  Notice  of  the  late  Benjamin  Hall  Blyth,  C.E.  By  W.  A.  Tait,  D.Sc. 

2.  Note  on  the  Hydrolysis  of  Acid  Sodium  Sulphate.  By  Principal  A.  P.  Laurie,  D.Sc.,  and 
Andrew  King,  M.A. 

3.  The  Absence  of  a Nucleus  in  Crystals  of  Uric  Acid.  By  Dr  W.  Wright  Wilson. 

4.  The  Thermodynamics  of  Adsorption.  By  A.  M.  Williams,  M.A.,  B.Sc.  Communicated 
by  Professor  James  Walker,  F.R.S. 

5.  Experiments  on  the  Respiratory  Mechanism  of  the  Shore-crab  ( Carcinus  mcenas).  By 
R.  K.  S.  Lim.  Communicated  by  Sir  E.  A.  Schafer,  F.R.S. 

Mr  Andrew  King  signed  the  Roll,  and  was  duly  admitted  a Fellow  of  the  Society. 


THIRD  ORDINARY  MEETING. 

Monday,  January  14,  1918. 

Dr  John  Horne,  F.R.S.,  F.G.S. , President,  in  the  Chair. 

The  following  Communications  were  read  : — 

1.  Notes  on  the  Coupar-Angus  Meteorite.  By  Professor  R.  A.  Sampson,  F.R.S.  ( With 
Lantern  Slides. ) 

2.  The  Propagation  of  Earthquake  Waves  through  the  Earth,  and  Connected  Problems.  By 
Dr  C.  G.  Knott.  ( With  Lantern  Illustrations.) 

3.  A Determinantal  Equation  whose  Roots  are  the  Products  of  the  Roots  of  given  Equations. 
By  Professor  W.  H.  Metzler. 

4.  Studies  in  Clocks  and  Time-Keeping.  I.  Theory  of  the  Maintenance.  By  Professor  R.  A. 
Sampson,  F.R.S. 
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FOURTH  ORDINARY  MEETING. 

Monday , February  4,  1918. 

Dr  John  Horne,  F.  R.  S.,  F.  G.S.,  President,  in  the  Chair. 

The  following  Communications  were  read  : — 

1.  The  Morphology  of  the  Prosencephalon  of  Spinax  as  a type  of  Elasmobranch  Fore-brain. 
By  Dr  J.  Stuart  Thomson. 

2.  The  Anatomy  and  Affinity  of  certain  rare  and  primitive  Ferns.  By  Dr  J.  M‘Lean 
Thompson.  ( With  Lantern  Illustrations. ) 

3.  A Further  Study  of  the  Diets  of  Labouring-Class  Families  in  Glasgow  in  War  Time.  By 
Miss  Margaret  Ferguson.  Communicated  by  Professor  D.  Noel  Paton. 

Dr  John  M ‘Lean  Thompson  signed  the  Roll,  and  was  duly  admitted  a Fellow  of  the  Society. 


FIFTH  ORDINARY  MEETING. 

Monday , March  4,  1918. 

Dr  John  Horne,  F.R.S, , F.G.S.,  President,  in  the  Chair. 

The  Annual  Election  of  Fellows  took  place.  The  following  were  elected: — David  Balsillie, 
Francis  James  Blight,  Alexander  Bremner,  John  M.  Campbell,  Alexander  Scott  Dodd, 
T.  Lindsay  Galloway,  William  Forbes  Gray,  P.  S.  Hardie,  John  Robert  Lewis  Kingon, 
George  James  Lidstone,  James  David  M'Culloch,  William  Mackie,  William  Paterson 
Paterson,  G.  W.  Tyrrell,  Charles  Whyte,  John  Thomas  Wight. 

By  request  of  the  Council,  Dr  William  Wilson  exhibited  his  Astronomical  Models  for 
demonstrating  the  Rotational  and  Orbital  Motions  of  the  Earth  and  Moon  in  relation  to  the  Sun 
and  for  elucidating  various  connected  phenomena,  such  as  the  succession  of  the  Seasons,  the 
occurrence  and  recurrence  of  Eclipses,  the  phases  of  the  Moon,  etc. 

The  following  Communications  were  read  : — 

1.  Note  on  the  Construction  of  an  Orthogonant.  By  Sir  Thomas  Muir. 

2.  A Reduction-formula  for  the  Functions  of  the  Second  Kind  connected  with  the  Polynomials 
of  Applied  Mathematics.  By  Pierre  Humbert.  Communicated  by  Professor  Whittaker. 


SIXTH  ORDINARY  MEETING. 

Monday , May  6,  1918. 

[With  this  meeting  was  conjoined  a Meeting  of  the  Scottish  Meteorological  Society.] 

Dr  John  Horne,  F.R.S. , F.G.S.,  President,  in  the  Chair. 

The  Council  awarded  : — 

1.  The  Keith  Prize  for  the  Biennial  Period  1915-1917  to  Robert  C.  Mossman  for  his  work  on 
the  Meteorology  of  the  Antarctic  Regions,  which,  beginning  with  the  important  series  of  observa- 
tions made  by  him  during  the  voyage  of  the  Scotia  (1902-1904),  has  continued  to  the  present  time, 
and  includes  his  recent  paper  “ On  a See- Saw  of  Barometric  Pressure,  Temperature,  and  Wind 
Velocity  between  the  Weddell  Sea  and  the  Ross  Sea,”  published  in  the  Proceedings  of  the  Society. 

2.  The  Neill  Prize  for  the  Biennial  Period  1915-1917,  to  Professor  W.  H.  Lang,  F.R.S.,  for  his 
paper,  in  conjunction  with  Dr  R.  Kidston,  F.R.S.,  on  Rhynia  Gwynne-Vaughani,  Kidston  and 
Lang,  published  in  the  Transactions  of  the  Society,  and  for  his  previous  investigations  on  Pteri- 
dopliytes  and  Cycads. 

These  Prizes  will  be  presented  at  the  July  Meeting. 

By  request  of  the  Councils  of  the  Royal  Society  of  Edinburgh  and  of  the  Scottish  Meteoro- 
logical Society,  Mr  R.  C.  Mossman  delivered  an  address  on  “The  Climate  and  Meteorology  of  the 
Antarctic  and  Sub- Antarctic  Regions.”  ( With  Lantern  Illustrations.) 

Messrs  A.  Scott  Dodd,  T.  Lindsay  Galloway,  and  W.  Forbes  Gray  signed  the  Roll,  and 
were  duly  admitted  Fellows  of  the  Society. 
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SEVENTH  ORDINARY  MEETING. 

Monday , June  3,  1918. 

Dr  John  Horne,  F.R.S.,  F.G.S.,  President,  in  the  Chair. 

The  following  Communications  were  read  : — 

1.  The  Formation  of  the  Germ-band  in  the  Egg  of  the  Holly  Tortrix  Moth  ( Eudemis  noevana). 
By  Miss  L.  H.  Huie,  F.  E.S.  Communicated  by  Dr  J.  H.  Ashworth,  F.R.S.  {With  Lantern 
Illustrations. ) 

2.  Studies  in  Clocks  and  Time-keeping.  No.  2.  Tables  of  the  Circular  Error.  By  Professor 
R.  A.  Sampson,  F.R.S. 

3.  The  Sound-Waves  and  other  Air- Waves  of  the  East  London  Explosion  of  January  19,  1917. 
By  Dr  Charles  Davison.  Communicated  by  the  General  Secretary. 

4.  The  Quadratic  Relations  between  the  Determinants  of  a 4-by-8  Array.  By  Sir  Thomas 
Muir,  F.R.S. 

Dr  Alex.  C.  Miller  signed  the  Roll,  and  ivas  duly  admitted  a Fellow  of  the  Society. 


FIRST  SPECIAL  MEETING. 

Monday , July  8,  1918. 

Dr  John  Horne,  F.R.S.,  F.G.S.,  President,  in  the  Chair. 

The  following  Prizes  were  presented  : — 

1.  The  Keith  Prize  for  the  Biennial  Period  1915-1917  to  Robert  C.  Mossman  for  his  work 
on  the  Meteorology  of  the  Antarctic  Regions,  which,  beginning  with  the  important  series  of 
observations  made  by  him  during  the  voyage  of  the  Scotia  (1902-1904),  has  continued  to  the 
present  time,  and  includes  his  recent  paper  “On  a See-Saw  of  Barometric  Pressure,  Temperature, 
and  Wind  Velocity  between  the  Weddell  Sea  and  the  Ross  Sea,”  published  in  the  Proceedings  of 
the  Society. 

Mr  Robert  C.  Mossman  early  turned  his  attention  to  the  study  of  Meteorology,  and  from 
1886  to  1900  was  in  charge  of  the  principal  meteorological  station  in  Edinburgh.  This  work, 
which  was  purely  voluntary  on  his  part,  led  him  to  the  serious  study  of  the  Meteorology  of  Edin- 
burgh, the  results  of  which  are  embodied  in  an  important  Memoir  published  in  our  Transactions. 
The  establishment  of  the  Ben  Nevis  Observatory  gave  him  frequent  opportunities  of  adding  to  his 
experience  as  an  observer  of  meteorological  data  and  investigator  into  the  connected  problems. 
Many  papers  were  contributed  by  him,  not  only  to  the  Proceedings  and  Transactions  of  the  Royal 
Society  of  Edinburgh,  but  also  to  the  Journal  of  the  Scottish  Meteorological  Society.  Supplementary 
observations  by  Mr  Mossman  in  Glen  Nevis  led  to  the  discovery  of  interesting  occurrences  of  what 
is  known  as  the  Fohn  wind.  An  account  of  these  observations  is  given  in  one  of  the  Ben  Nevis 
volumes  published  by  the  Royal  Society  of  Edinburgh.  This  continuous  and  varied  training  in 
meteorological  observation  under  all  kinds  of  difficulties  pre-eminently  fitted  Mr  .Mossman  for 
undertaking  the  meteorology  on  board  of  the  Scotia  during  the  years  1902-1904.  After  the  Scotia 
reached  latitudes  farther  south  than  30°  S.,  the  necessary  meteorological  observations  of 
pressure,  temperature,  humidity,  wind,  and  cloud  were  taken  hourly  through  the  whole  day  of 
twenty-four  hours.  Such  a labour  demanded  singular  devotion  as  well  as  clear-headed  organisation 
on  the  part  of  its  enthusiastic  director.  Following  up  this  important  work,  Mr  Mossman  organised 
the  Scottish  Observatory  in  the  South  Orkneys  ; and  when  this  was  taken  over  by  the  Argentine 
Meteorological  Office  he  was  asked  to  remain  as  Superintendent.  The  Observations  form  Vol.  XVI 
of  the  Annals  of  this  office.  Further  experience  of  Polar  conditions  was  subsequently  gained 
in  two  voyages  to  the  Greenland  Sea,  and  new  light  was  thrown  on  the  physical  processes 
governing  the  summer  isotherms  in  this  area.  During  his  stay  in  the  Argentine  as  head  of  one  of 
the  Meteorological  Sections  Mr  Mossman  has  accumulated  a vast  array  of  meteorological  facts, 
and  has  gained  an  almost  unique  knowledge  of  the  meteorological  conditions  of  the  Southern 
Oceans.  Many  of  these  results  are  embodied  in  Vol.  XVII  of  the  Argentine  Annals , of  which  he 
was  entrusted  with  the  preparation.  It  is  specially  in  connection  with  this  line  of  work  that  the 
Council  of  the  Royal  Societv  of  Edinburgh  have  found  in  Mr  Mossman  a worthy  recipient  of  the 
Keith  Prize. 

2.  The  Neill  Prize  for  the  Biennial  Period  1915-1917  to  Professor  W.  H.  Lang,  F.R.S.,  for  his 
paper,  in  conjunction  with  Dr  R.  Kidston,  F.R.S.,  on  Rhynia  Gwynne-Vaugliani,  Kidston  and 
Lang,  published  in  the  Transactions  of  the  Society,  and  for  his  previous  investigations  on 
Pteridophytes  and  Oycads. 
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The  Neill  Prize  is  awarded  to  Professor  W.  H.  Lang,  F.  R.S.,  for  his  paper  in  conjunction  with 
Dr  R.  Kidston,  F.  R.  S.,  on  Rhynia  Gwynne-Vaughani,  Kidston  and  Lang,  and  for  his  previous 
investigations  on  Pteridophytes  and  Cycads.  These  extend  to  many  Memoirs  published  in  the 
Phil.  Trans.,  Annals  of  Botany,  and  elsewhere.  In  the  large  Memoir  on  “Apogamy  and  the 
Development  of  Sporangia  upon  Fern  Prothalli,”  Professor  Lang  recorded  and  elucidated  a number 
of  surprising  abnormalities  in  the  life-cycle  of  ferns.  These  observations,  together  with  those  on 
the  prothalli  and  young  plants  of  Lycopodium,  Ophioglossum , and  Helminthostachys,  describing 
their  mycorhizic  saprophytism,  gave  him  a right  and  a qualification  for  expressing  original  views 
on  the  difficult  question  of  Alternation.  His  inquiry  has  since  been  also  extended  to  the 
sporophyte  generation,  and  has  found  scope  in  the  study  of  the  vascular  system  in  Isoetes,  and  in 
the  Ophioglossacese,  as  well  as  in  the  embryology  of  the  latter.  He  has  also  made  exhaustive  study 
of  the  morphology  of  such  Liverworts  as  Cyathodium  and  Notothylas.  These  may  be  held  as  in  a 
special  sense  qualifying  researches  for  that  work  in  respect  of  which  the  Society  makes  the  present 
award,  viz.  the  joint  Memoir  on  Rhynia.  To  carry  this  through  successfully  required  just  those 
qualities  which  such  investigations  as  those  already  made  by  Professor  Lang  would  train  and 
mature.  To  present  the  singularly  complete  picture  of  this  earliest  known  fossil  plant  with  its 
structure  still  preserved,  and  to  draw  the  comparisons  with  a firm  hand,  required  experience  and 
self-control.  It  is  because  there  is  full  evidence  of  these  qualities  in  the  Memoir,  quite  as  much  as 
for  the  rarity  and  the  sensational  character  of  the  objects  themselves,  that  the  Society  awards  the 
Neill  Prize  to  Professor  Lang.  His  name  thus  joins  that  of  his  co-author,  Dr  Kidston,  in  the 
Prize  List  of  the  Society.  The  Memoir  on  Rhynia  may  be  followed  by  others.  But  its  appearance 
as  the  first  of  a series  marks  an  era  not  only  in  Palseontology  but  also  in  Plant  Morphology.  New 
vistas  are  opened  by  it,  not  merely  of  speculation,  but  of  real  comparison  based  upon  new  facts. 
This  leafless  and  rootless,  though  vascular,  plant  raises  at  once  the  question,  how  did  leaves  and 
roots  originate?  Investigations  that  raise  in  an  acute  form  great  questions  such  as  these  are  as 
important  to  the  progress  of  science  as  those  that  provide  the  reply.  The  new  facts  have  put 
theoretical  Morphology  again  in  the  melting-pot,  and  there  is  every  reason  to  expect  that  it  will 
emerge  strengthened  and  refined. 

The  following  Communications  were  read  : — 

1.  On  Old  Red  Sandstone  Plants  showing  Structure,  from  the  Rhynie  Chert  Bed,  Aberdeenshire. 
Part  II:  Additional  Notes  on  Rhynia  Gwynne-Vaughani,  Kidst.  and  Lang;  Rhynia  major, 
n.sp.,  and  Hornea  Lignieri,  n.  gen.  et  sp.  By  Dr  R.  Kidston,  F.R.S.,  and  Professor  W.  H. 
Lang,  D.Sc. , F.R.S.  [With  Lantern  Slides.) 

2.  Notes  on  Mirage  observed  on  the  Queensferry  Road.  By  Alex.  G.  Ram  age. 

3.  Four  Notes  by  Dr  W.  W.  Taylor: — 

a.  The  Rotatory  Commutator  Method  of  determining  Electric  Conductivity,  and  improved 

form  of  MacGregor’s  Drum. 

b.  The  Solubility  of  “ Insoluble  ” Salts  and  of  Silver  Chloride. 

c.  The  Electric  Conductivity  of  Sols. 

d.  The  “Titration  Acidity”  of  Urine. 

4.  The  Correlation  between  Relatives  on  the  Supposition  of  Mendelian  Inheritance.  By  R.  A. 
Fisher,  B.A.  Communicated  by  Professor  J.  Arthur  Thomson. 


1917-18.] 


Meetings  of  the  Society. 
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PROCEEDINGS  OF  THE  STATUTORY  GENERAL  MEETING 
Ending  the  135th  Session,  1917-1918. 

At  the  Statutory  Meeting  of  the  Royal  Society  of  Edinburgh,  held  in  the  Society’s  Lecture 
Room,  24  George  Street,  on  Monday,  October  28,  1918,  at  4.30  p.  m., 

Dr  A.  Crichton  Mitchell,  Curator  of  Library,  in  the  Chair, 
the  Minutes  of  the  last  Statutory  Meeting  of  October  22,  1917,  were  read,  approved,  and  signed. 

The  Chairman  nominated  as  Scrutineers  of  the  Voting  Papers,  Surgeon-General  Bannerman 
and  Mr  C.  H.  Milne. 

Before  the  ballot  was  taken,  Professor  Daily,  who  had  been  nominated  by  the  Council  for 
election  as  the  Society’s  representative  on  the  Heriot  Trust,  explained  that  since  the  Council  had 
made  this  recommendation  inquiry  had  shown  that  there  were  difficulties  of  a purely  legal  kind 
which  might  prevent  him  being  able  to  undertake  the  duties  of  the  Society’s  representative. 
While  thanking  the  Council  for  their  expression  of  confidence,  he  felt  that  the  simplest  course 
was  for  him  to  be  allowed  to  withdraw  his  name  and  to  nominate  instead  Dr  W.  A.  Tait  as  one 
well  able  to  represent  the  Society  on  this  important  Trust. 

The  ballot  for  the  election  of  Office-Bearers,  Members  of  Council,  and  Representative  on  the 
Heriot  Trust  was  then  taken. 

The  Secretary  submitted  the  following  Report : — 

Mr  George  Stewart — our  Librarian — is  still  serving  in  our  army  as  a sergeant  in  the  4th  Royal 
Scots,  which,  along  with  the  other  regiments  of  the  52nd  Division,  returned  to  France  during  last 
year.  Shortly  after  reaching  France,  Mr  Stewart  was  invalided  home,  and  obtained  his  first  leave 
since  1915.  During  his  leave  he  was  able  to  give  useful  assistance  in  some  rearrangements  in 
the  library. 

As  anticipated  last  year  there  has  been  a considerable  falling-off  in  publication,  partly  on  account 
of  the  energies  of  scientific  workers  being  devoted  to  war  purposes,  and  partly  on  account  of  the 
necessity  for  keeping  down  our  expenses.  In  view  of  the  probable  shortage  of  papers  the  Council 
decided  to  hold  meetings  once  a month  only.  The  number  of  papers  read  at  our  meetings  during 
Session  1917-18  amounted  to  25,  of  which  21  have  been,  or  are  being,  printed  in  the  Proceedings 
and  3 in  the  Transactions.  Of  the  papers  read,  6 were  in  Mathematics,  4 in  Physics,  2 in 
Meteorology,  1 in  Botany,  6 in  Chemistry,  1 in  Geology,  2 in  Zoology,  and  3 in  Physiology. 
There  were  also  two  addresses  given — one  in  Astronomy  and  the  other  in  Meteorology.  As 
compared  with  last  year,  the  most  notable  difference  is  in  the  reduction  of  Transactions  papers, 
which  have  fallen  from  7 to  3.  There  is  practically  no  change  in  the  number  of  Proceedings  papers, 
but  the  papers  published  this  Session  are  on  the  average  much  shorter  than  those  published  in 
previous  years. 

Last  March  the  Society  elected  16  new  Fellows,  and  we  lost  by  death  and  resignation  12 
Ordinary  Fellows.  There  are  at  this  moment  634  Ordinary  Fellows  on  our  list. 

Two  prizes  were  awarded  during  the  year — the  Keith  Prize  to  Mr  R.  C.  Mossman,  and  the 
Neill  Prize  to  Professor  W.  H.  Lang. 

It  is  my  duty  to  draw  attention  to  the  James  Scott  Prize,  which  has  been  founded  by  the 
Trustees  of  the  James  Scott  Bequest.  One  of  the  Trustees — Mr  Alexander  Philip,  writer, 
Brechin — is  one  of  our  Fellows.  In  description  of  this  prize  I quote  the  following  excerpt  from 
the  Minute  of  the  Trustees  as  transmitted  to  the  Council  : — 

“The  Trustees  have  resolved  and  hereby  resolve  that  a sum  of  Two  Hundred  and 
Fifty  Pounds  sterling,  representing  approximately  the  nett  accumulated  income  of  the 
said  Trust  Funds,  shall  be  paid  over  to  the  Royal  Society  of  Edinburgh  to  be  held  by  them 
in  trust,  subject  to  the  following  conditions  : — 

“ (a)  The  said  sum  of  Two  Hundred  and  Fifty  Pounds  sterling  shall  be  held  by  them  in 
trust  as  a Trust  Fund  to  be  known  as  the  James  Scott  Fund  and  to  be  invested  by  them 
in  name  of  the  Royal  Society  in  trust  securities  or  on  deposit  receipt  with  a bank. 

“ (6)  The  income  of  the  said  Trust  Fund  shall  be  expended  in  payment  of  an  honorarium 
or  prize,  to  be  known  as  the  James  Scott  Prize,  for  a lecture  or  essay  on  the  fundamental 
concepts  of  natural  philosophy,  to  be  awarded  triennially  or  otherwise  in  accordance  with 
such  regulations  as  the  Council  of  the  said  Society  may  from  time  to  time  determine. 
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‘ ‘ ( c ) In  the  event  of  no  suitable  candidate  for  the  said  prize  being  forthcoming,  it  shall  be 
competent  to  the  said  Society  either  to  add  the  amount  available  for  the  said  prize  to 
the  principal  sum  or  to  carry  the  same  forward  to  be  added  to  the  amount  of  the  prize 
offered  at  the  next  competition  ; but  in  no  case  shall  it  be  competent  for  the  said  Society 
to  encroach  upon  the  principal  sum,  either  for  the  purpose  of  meeting  the  expenses  of 
administration  or  for  the  purpose  of  increasing  the  amount  of  the  said  prize. 

“ Alexr.  Philip. 

“A.  D.  Tait  Hutchison.” 


A very  serious  outlay  in  all  scientific  publication  is  the  preparation  and  printing  of  plates 
of  illustrations,  especially  in  the  biological  sciences.  The  Council  is  greatly  indebted  to  the  help 
received  from  the  Carnegie  Trust  for  the  Universities  of  Scotland,  who  have  always  shown  great 
readiness  in  giving  grants  to  graduates  of  the  Scottish  Universities  in  aid  of  the  publication  of 
their  illustrations.  Without  this  help,  which  has  now  been  given  for  a number  of  years,  the 
Society  could  not  have  undertaken  the  publication  of  so  many  valuable  papers.  It  is  right  that 
we  should  express  our  thanks  for  the  aid  thus  generously  given. 

The  Treasurer,  in  submitting  his  Report  for  the  year,  drew  special  attention  to  the  diminished 
cost  of  publication  as  compared  with  the  previous  year.  The  Council  had  thus  been  able  to  clear 
off'  a large  part  of  the  outstanding  debt.  It  was  also  pointed  out  that  the  saving  eflected  this 
year  was  only  provisional,  since  in  due  course  an  increased  amount  of  binding  would  have  to  be 
undertaken  if  the  journals  were  to  be  kept  in  serviceable  condition. 

Dr  Peach  moved  the  adoption  of  the  Reports,  and  the  reappointment  of  Messrs  Lindsay, 
Jamieson  & Haldane,  C.  A.,  as  auditors  of  the  accounts  for  the  ensuing  Session. 

This  was  unanimously  agreed  to. 


The  Scrutineers  reported  that  the  Ballot  Papers  were  in  order,  and  that  the  following  had 
been  elected  as  Office-bearers,  Members  of  Council,  and  Representative  on  George  Heriot’s  Trust: — 


John  Horne,  LL.D.,  F.R.S.,  F.G.S.,  President. 
Professor  D’Arcy  Thompson,  C.B.,  B.A.,  F.R.S., 
Professor  James  Walker,  D.Sc.,  Ph.D.,  LL.D.,  F.R.S. 
Professor  George  A.  Gibson,  M.A.,  LL.D., 

Robert  Kidston,  LL.D.,  F.R.S. , F.G.S., 

Professor  D.  Noel  Paton,  M.D.,  B.Sc.,  F.R.C.P.E. 


'Vice-Presidents. 


F.R.S., 

Professor  Arthur  Robinson,  M. D.,  M.  R.C.S. , . ) 

Cargill  G.  Knott,  D.Sc.,  LL.D.,  General  Secretary. 

Professor  E.  T.  Whittaker,  Sc. D.,  F.R.S.,  ^ Secretaries  to  Ordinary 

J.  H.  Ashworth,  D.Sc..  F.R.S.,  J Meetings. 

James  Currie,  M.A.,  Treasurer. 

A.  Crichton  Mitchell,  D.Sc.,  Hon.  D.Sc.  (Geneva),  Curator  of  Library  and  Museum, 


ORDINARY  MEMBERS  OF  COUNCIL. 


Sir  George  A.  Berry,  LL.D.,  M.B.,  F.RC.S.E. 
John  S.  Flett,  M.A.,  D.Sc.,  LL.D.,  F.R.S. 
Professor  Magnus  Maclean,  M.A.,  D.Sc., 
M.Inst.C.E.,  M.Inst.E.E. 

Professor  David  W7aterston,  M.A.,  M.D., 
F.  R.C.S. E. 

Professor  F.  0.  Bower,  M. A.,  D.Sc.,  F.R.S., 
F.L.S. 

Professor  P,  T.  Herring,  M.D.,  F.R.C.P.E. 

Society’s  Representative  on  \ ^ 
George  Heriot’s  Trust,  J 

The  Chairman,  in  the  name  of  the  Society, 


Professor  T.  J.  Jehu,  M.A.,  M.D.,  F.G.S. 
Alexander  Lauder,  D.Sc. 

The  Hon.  Lord  Guthrie,  LL.D. 

Sir  E.  Sharpey  Schafer,  M. D.,  LL.D.,  D.Sc. 
F.R.S. 

Professor  J.  Lorrain  Smith,  M.A.,  M.D. 
F.R.S. 

W.  A.  Tait,  D.Sc.,  M.Inst.C.E. 


. Tait,  D.Sc.,  M.Inst.C.E. 
thanked  the  Scrutineers  for  their  services. 


J 
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THE  KEITH,  MAKDOUGALL-BRISBANE,  NEILL,  GUNNING 
VICTORIA  JUBILEE,  AND  JAMES  SCOTT  PRIZES. 

The  above  Prizes  will  be  awarded  by  the  Council  in  the  following  manner  : — 

I.  KEITH  PRIZE. 

The  Keith  Prize,  consisting  of  a Gold  Medal  and  from  <£40  to  £50  in  Money, 
will  be  awarded  in  the  Session  1919-1920  for  the  “ best  communication  on  a scientific 
subject,  communicated,*  in  the  first  instance,  to  the  Royal  Society  of  Edinburgh 
during  the  Sessions  1917-1918  and  1918-1919.”  Preference  will  be  given  to  a 
paper  containing  a discovery. 

II.  MAKDOUGALL-BRISBANE  PRIZE. 

This  Prize  is  to  be  awarded  biennially  by  the  Council  of  the  Royal  Society  of 
Edinburgh  to  such  person,  for  such  purposes,  for  such  objects,  and  in  such  manner 
as  shall  appear  to  them  the  most  conducive  to  the  promotion  of  the  interests  of 
science ; with  the  proviso  that  the  Council  shall  not  be  compelled  to  award  the 
Prize  unless  there  shall  be  some  individual  engaged  in  scientific  pursuit,  or  some 
paper  written  on  a scientific  subject,  or  some  discovery  in  science  made  during  the 
biennial  period,  of  sufficient  merit  or  importance  in  the  opinion  of  the  Council  to 
be  entitled  to  the  Prize. 

1.  The  Prize,  consisting  of  a Gold  Medal  and  a sum  of  Money,  will  be  awarded 
before  the  close  of  the  Session  1918-1919,  for  an  Essay  or  Paper  having  reference 
to  any  branch  of  scientific  inquiry,  whether  Material  or  Mental. 

2.  Competing  Essays  to  be  addressed  to  the  Secretary  of  the  Society,  and  trans- 
mitted not  later  than  8th  July  1918. 

3.  The  Competition  is  open  to  all  men  of  science. 

4.  The  Essays  may  be  either  anonymous  or  otherwise.  In  the  former  case, 
they  must  be  distinguished  by  mottoes,  with  corresponding  sealed  billets,  super- 
scribed with  the  same  motto,  and  containing  the  name  of  the  Author. 

5.  The  Council  impose  no  restriction  as  to  the  length  of  the  Essays,  which  may 
be,  at  the  discretion  of  the  Council,  read  at  the  Ordinary  Meetings  of  the  Society. 
They  wish  also  to  leave  the  property  and  free  disposal  of  the  manuscripts  to  the 
Authors ; a copy,  however,  being  deposited  in  the  Archives  of  the  Society,  unless 
the  paper  shall  be  published  in  the  Transactions. 

* For  the  purposes  of  this  award  the  word  “communicated”  shall  be  understood  to  mean  the 
date  on  which  the  manuscript  of  a paper  is  received  in  its  final  form  for  printing,  as  recorded  by 
the  General  Secretary  or  other  responsible  official. 
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6.  In  awarding  the  Prize,  the  Council  will  also  take  into  consideration  any 
scientific  papers  presented*  to  the  Society  during  the  Sessions  1916-17,  1917-18, 
whether  they  may  have  been  given  in  with  a view  to  the  prize  or  not. 

III.  NEILL  PRIZE. 

The  Council  of  the  Royal  Society  of  Edinburgh  having  received  the  bequest  of 
the  late  Dr  Patrick  Neill  of  the  sum  of  £500,  for  the  purpose  of  “the  interest 
thereof  being  applied  in  furnishing  a Medal  or  other  reward  every  second  or  third 
year  to  any  distinguished  Scottish  Naturalist,  according  as  such  Medal  or  reward 
shall  be  voted  by  the  Council  of  the  said  Society,”  hereby  intimate : 

1.  The  Neill  Prize,  consisting  of  a Gold  Medal  and  a sum  of  Money,  will  be 
awarded  during  the  Session  1919-1920. 

2.  The  Prize  will  be  given  for  a Paper  of  distinguished  merit,  on  a subject  of 
Natural  History,  by  a Scottish  Naturalist,  which  shall  have  been  presented  * to  the 
Society  during  the  two  years  preceding  the  fourth  Monday  in  October  1919, — or 
failing  presentation  of  a paper  sufficiently  meritorious,  it  will  be  awarded  for  a work 
or  publication  by  some  distinguished  Scottish  Naturalist,  on  some  branch  of  Natural 
History,  bearing  date  within  five  years  of  the  time  of  award. 

IV.  GUNNING  VICTORIA  JUBILEE  PRIZE. 

This  Prize,  founded  in  the  year  1887  by  Dr  R.  H.  Gunning,  is  to  be  awarded 
quadrennially  by  the  Council  of  the  Royal  Society  of  Edinburgh,  in  recognition  of 
original  work  in  Physics,  Chemistry,  or  Pure  or  Applied  Mathematics. 

Evidence  of  such  work  may  be  afforded  either  by  a Paper  presented  to  the 
Society,  or  by  a Paper  on  one  of  the  above  subjects,  or  some  discovery  in  them 
elsewhere  communicated  or  made,  which  the  Council  may  consider  to  be  deserving 
of  the  Prize. 

The  Prize  consists  of  a sum  of  money,  and  is  open  to  men  of  science  resident  in 
or  connected  with  Scotland.  The  first  award  was  made  in  the  year  1887.  The 
next  award  will  be  made  in  1920. 

In  accordance  with  the  wish  of  the  Donor,  the  Council  of  the  Society  may  on 
fit  occasions  award  the  Prize  for  work  of  a definite  kind  to  be  undertaken  during 
the  three  succeeding  years  by  a scientific  man  of  recognised  ability. 

V.  JAMES  SCOTT  PRIZE. 

This  Prize,  founded  in  the  year  1918  by  the  Trustees  of  the  James  Scott 
Bequest,  is  to  be  awarded  triennially,  or  at  such  intervals  as  the  Council  of  the 
Royal  Society  of  Edinburgh  may  decide,  “ for  a lecture  or  essay  on  the  funda- 
mental concepts  of  Natural  Philosophy.” 

The  first  award  will  be  in  the  year  1921. 

* For  the  purposes  of  this  award  the  word  “ presented  ” shall  be  understood  to  mean  the  date 
on  which  the  manuscript  of  a paper  is  received  in  its  final  form  for  printing,  as  recorded  by  the 
General  Secretary  or  other  responsible  official. 
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RESOLUTIONS  OF  COUNCIL  IN  REGARD  TO  THE  MODE 

OF  AWARDING  PRIZES. 

( See  Minutes  of  Meeting  of  January  18,  1915.) 

L.  With  regard  to  the  Keith  and  Makdougall- Brisbane  Prizes,  which  are  open 
to  all  Sciences,  the  mode  of  award  will  be  as  follows  : — 

1.  Papers  or  essays  to  be  considered  shall  be  arranged  in  two  groups,  A and  B, 

— Group  A to  include  Astronomy,  Chemistry,  Mathematics,  Metallurgy, 
Meteorology  and  Physics ; Group  B to  include  Anatomy,  Anthropology, 
Botany,  Geology,  Pathology,  Physiology,  and  Zoology. 

2.  These  two  Prizes  shall  be  awarded  to  each  group  in  alternate  biennial  periods, 

provided  papers  worthy  of  recommendation  have  been  communicated  to 
the  Society. 

3.  Prior  to  the  adjudication  the  Council  shall  appoint,  in  the  first  instance,  a 

Committee  composed  of  representatives  of  the  group  of  Sciences  which  did 
not  receive  the  award  in  the  immediately  preceding  period.  The  Com- 
mittee shall  consider  the  Papers  which  come  within  their  group  of  Sciences, 
and  report  in  due  course  to  the  Council. 

4.  In  the  event  of  the  aforesaid  Committee  reporting  that  within  their  group  of 

subjects  there  is,  in  their  opinion,  no  paper  worthy  of  being  recommended 
for  the  award,  the  Council,  on  accepting  this  report,  shall  appoint  a 
Committee  representative  of  the  alternate  group  to  consider  papers  coming 
within  their  group  and  to  report  accordingly. 

5.  Papers  to  be  considered  by  the  Committees  shall  fall  within  the  period  dating 

from  the  last  award  in  groups  A and  B respectively. 

II.  With  regard  to  the  Neill  Prize,  the  term  “ Naturalist  ” shall  be  understood 
to  include  any  student  in  the  Sciences  composing  group  B,  namely,  Anatomy, 
Anthropology,  Botany,  Geology,  Pathology,  Physiology,  Zoology. 
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AWARDS  OF  THE  KEITH,  MAKDOUGALL  - BRISBANE, 

NEILL,  AND  GUNNING  PRIZES. 

I.  KEITH  PRIZE. 

1st  Biennial  Period,  1827-29. —Dr  Brewster,  for  his  papers  “on  his  Discovery  of  Two  New 
Immiscible  Fluids  in  the  Cavities  of  certain  Minerals,’’  published  in  the  Transactions  of 
the  Society. 

2nd  Biennial  Period,  1829-31. — Dr  Brewster,  for  his  paper  “on  a New  Analysis  of  Solar 
Light,”  published  in  the  Transactions  of  the  Society. 

3rd  Biennial  Period,  1831-33.' — Thomas  Graham,  Esq.,  for  his  paper  “on  the  Law  of  the 
Ditfusion  of  Gases,”  published  in  the  Transactions  of  the  Society. 

4th  Biennial  Period,  1833-35. — Professor  J.  D.  Forbes,  for  his  paper  “ on  the  Refraction  and 
Polarization  of  Heat,”  published  in  the  Transactions  of  the  Society. 

5th  Biennial  Period,  1835-37. — John  Scott  Russell,  Esq.,  for  his  researches  “on  Hydro- 
dynamics,” published  in  the  Transactions  of  the  Society. 

6th  Biennial  Period,  1837-39. — Mr  John  Shaw7,  for  his  experiments  “ on  the  Development 
and  Growth  of  the  Salmon,”  published  in  the  Transactions  of  the  Society. 

7th  Biennial  Period,  1839-41. — Not  awarded. 

8th  Biennial  Period,  1841-43. — Professor  James  David  Forbes,  for  his  papers  “on 
Glaciers,”  published  in  the  Proceedings  of  the  Society. 

9th  Biennial  Period,  1843-45. — Not  awarded. 

10th  Biennial  Period,  1845-47. — General  Sir  Thomas  Brisbane,  Bart.,  for  the  Makerstoun 
Observations  on  Magnetic  Phenomena,  made  at  his  expense,  and  published  in  the  Trans- 
actions of  the  Society. 

11th  Biennial  Period,  1847-49. — Not  awarded. 

12th  Biennial  Period,  1849-51. — Professor  Kelland,  for  his  papers  “on  General  Differentia- 
tion, including  his  more  recent  Communication  on  a process  of  the  Differential  Calculus,  and 
its  application  to  the  solution  of  certain  Differential  Equations,”  published  in  the  Transac- 
tions of  the  Society. 

13th  Biennial  Period,  1851-53. — W.  J.  Macquorn  Rankine,  Esq.,  for  his  series  of  papers 
“ on  the  Mechanical  Action  of  Heat,”  published  in  the  Transactions  of  the  Society. 

14th  Biennial  Perioo,  1853-55. — Dr  Thomas  Anderson,  for  his  papers  “on  the  Crystalline 
Constituents  of  Opium,  and  on  the  Products  of  the  Destructive  Distillation  of  Animal 
Substances,”  published  in  the  Transactions  of  the  Society. 

15th  Biennial  Period,  1855-57. — Professor  Boole,  for  his  Memoir  “on  the  Application  of 
the  Theory  of  Probabilities  to  Questions  of  the  Combination  of  Testimonies  and  Judgments,” 
published  in  the  Transactions  of  the  Society. 

16th  Biennial  Period,  1857-59. — Not  awarded. 

17  th  Biennial  Period,  1859-61. — John  Allan  Broun,  Esq.,  F.R.S.,  Director  of  the  Trevandrum 
Observatory,  for  his  papers  “on  the  Horizontal  Force  of  the  Earth’s  Magnetism,  on  the 
Correction  of  the  Bifilar  Magnetometer,  and  on  Terrestrial  Magnetism  generally,”  published 
in  the  Transactions  of  the  Society. 

18th  Biennial  Period,  1861-63. — Professor  William  Thomson,  of  the  University  of  Glasgow, 
for  his  Communication  “on  some  Kinematical  and  Dynamical  Theorems.” 

19th  Biennial  Period,  1863-65. — Principal  Forbes,  St  Andrews,  for  his  “Experimental 
Inquiry  into  the  Laws  of  Conduction  of  Heat  in  Iron  Bars,”  published  in  the  Transactions 
of  the  Society. 

20th  Biennial  Period,  1865-67.— Professor  C.  Piazzi  Smyth,  for  his  paper  “on  Recent 
Measures  at  the  Great  Pyramid,”  published  in  the  Transactions  of  the  Society. 

21st  Biennial  Period,  1867-69. — Professor  P.  G.  Tait,  for  his  paper  “on  the  Rotation  of  a 
Rigid  Body  about  a Fixed  Point,”  published  in  the  Transactions  of  the  Society. 

22nd  Biennial  Period,  1869-71. — Professor  Clerk  Maxwell,  for  his  paper  “on  Figures, 
Frames,  and  Diagrams  of  Forces,”  published  in  the  Transactions  of  the  Society. 
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23rd  Biennial  Period,  1871-73. — Professor  P.  G.  Tait,  for  his  paper  entitled  “ First  Approxi- 
mation to  a Thermo-electric  Diagram,”  published  in  the  Transactions  of  the  Society. 

24th  Biennial  Period,  1873-1875. — Professor  Crum  Brown,  for  his  Researches  “on  the  Sense  of 
Rotation,  and  on  the  Anatomical  Relations  of  the  Semicircular  Canals  of  the  Internal  Ear.” 

25th  Biennial  Period,  1875-77. — Professor  M.  Forster  Heddle,  for  his  papers  “on  the 
Rhombohedral  Carbonates,”  and  “on  the  Felspars  of  Scotland,”  published  in  the  Transac- 
tions of  the  Society. 

26th  Biennial  Period,  1877-79. — Professor  H.  C.  Fleeming  Jenkin,  for  his  paper  “on  the 
Application  of  Graphic  Methods  to  the  Determination  of  the  Efficiency  of  Machinery,” 
published  in  the  Transactions  of  the  Society  ; Part  II  having  appeared  in  the  volume  for 
-1877-78. 

27th  Biennial  Period,  1879-81.— Professor  George  Chrystal,  for  his  paper  “ on  the  Differ- 
ential Telephone,”  published  in  the  Transactions  of  the  Society. 

28th  Biennial  Period,  1881-83. — Thomas  Muir,  Esq.,  LL.D.,  for  his  “Researches  into  the 
Theory  of  Determinants  and  Continued  Fractions,”  published  in  the  Proceedings  of  the 
Society. 

29th  Biennial  Period,  1 883-85.— John  Aitken,  Esq.,  for  his  paper  “on  the  Formation  of 
Small  Clear  Spaces  in  Dusty  Air,”  and  for  previous  papers  on  Atmospheric  Phenomena, 
published  in  the  Transactions  of  the  Society. 

30th  Biennial  Period,  1885-87. — John  Young  Buchanan,  Esq.,  for  a series  of  communica- 
tions, extending  over  several  years,  on  subjects  connected  with  Ocean  Circulation, 
Compressibility  of  Glass,  etc.;  two  of  which,  viz.,  “On  Ice  and  Brines,”  and  “On  the 
Distribution  of  Temperature  in  the  Antarctic  Ocean, ’’have  been  published  in  the  Proceedings 
of  the  Society. 

31st  Biennial  Period,  1887-89. — Professor  E.  A.  Letts,  for  his  papers  on  the  Organic 
Compounds  of  Phosphorus,  published  in  the  Transactions  of  the  Society. 

32nd  Biennial  Period,  1889-91.— R.  T.  Omond,  Esq.,  for  his  contributions  to  Meteorological 
Science,  many  of  which  are  contained  in  vol.  xxxiv  of  the  Society’s  Transactions. 

33rd  Biennial  Period,  1891-93. — Professor  Thomas  R.  Fraser,  F.R.S.,  for  his  papers  on 
Strophantlms  hispidus , Strophanthin,  and  Strophanthidin,  read  to  the  Society  in  February 
and  June  1889  and  in  December  1891,  and  printed  in  vols.  xxxv,  xxxvi,  and  xxxvii  of 
the  Society’s  Transactions. 

34th  Biennial  Period,  1893-95. — Dr  Cargill  G.  Knott,  for  his  papers  on  the  Strains  produced 
by  Magnetism  in  Iron  and  in  Nickel,  which  have  appeared  in  the  Transactions  and 
Proceedings  of  the  Society. 

35th  Biennial  Period,  1895-97. — Dr  Thomas  Muir,  for  his  continued  communications  on 
Determinants  and  Allied  Questions. 

36th  Biennial  Period,  1897-99. — Dr  James  Burgess,  for  his  paper  “on  the  Definite  Integral 
2 [t 

-~t  I t~f2dt,  with  extended  Tables  of  Values,”  printed  in  vol.  xxxix  of  the  Transactions 

V\/„ 

of  the  Society. 

37th  Biennial  Period,  1899-1901.— Dr  Hugh  Marshall,  for  his  discovery  of  the  Persulphates, 
and  for  his  Communications  on  the  Properties  and  Reactions  of  these  Salts,  published  in  the 
Proceedings  of  the  Society. 

38th  Biennial  Period,  1901-03. — Sir  William  Turner,  K.C.B.,  LL.D.,  F.R.S.,  etc.,  for  his 
memoirs  entitled  “A  Contribution  to  the  Craniology  of  the  People  of  Scotland,”  published  in 
the  Transactions  of  the  Society,  and  for  his  “Contributions  to  the  Craniology  of  the  People 
of  the  Empire  of  India,”  Parts  I,  II,  likewise  published  in  the  Transactions  of  the 
Society. 

39th  Biennial  Period,  1903-05. — Thomas  H.  Bryce,  M.A.,  M.D.,  for  his  two  papers  on  “The 
Histology  of  the  Blood  of  the  Larva  of  Lepidosiren  par adoxa,”  published  in  the  Transactions 
of  the  Society  within  the  period. 

40th  Biennial  Period,  1905-07. — Alexander  Bruce,  M.A.,  M.D.,  F.R.C.P.E.,  for  his  paper 
entitled  “Distribution  of  the  Cells  in  the  Intermedio-Lateral  Tract  of  the  Spinal  Cord,” 
published  in  the  Transactions  of  the  Society  within  the  period. 

4 1st  Biennial  Period,  1907-09. — Wheelton  Hind,  M.D.,  B.S.,  F.R.C.S.,  F.G.S.,  for  a paper 
published  in  the  Transactions  of  the  Society,  “On  the  Lamellibranch  and  Gasteropod  Fauna 
found  in  the  Millstone  Grit  of  Scotland.” 

42nd  Biennial  Period,  1909-11.  — Professor  Alexander  Smith,  B.Se.,  Ph.D.,  of  New  York, 
for  his  researches  upon  “Sulphur”  and  upon  “Vapour  Pressure,”  appearing  in  the 
Proceedings  of  the  Society. 
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43rd  Biennial  Period,  1911-1913. — James  Russell,  Esq.,  for  his  series  of  investigations 
relating  to  magnetic  phenomena  in  metals  and  the  molecular  theory  of  magnetism,  the 
results  of  which  have  been  published  in  the  Proceedings  and  Transactions  of  the  Society, 
the  last  paper  having  been  issued  within  the  period. 

44th  Biennial  Period,  1913-15. — James  Hartley  Ashworth,  D.Sc.,  for  his  papers  on 
“ Larvee  of  Lingula  and  Pelagodiscus,”  and  on  “ Sclerocheilus,”  published  in  the  Transac- 
tions of  the  Society,  and  for  other  papers  on  the  Morphology  and  Histology  of  Polychseta. 

45th  Biennial  Period,  1915-17. — Robert  C.  Mossman,  for  his  work  on  the  Meteorology  of  the 
Antarctic  Regions,  which  originated  with  the  important  series  of  observations  made  by  him 
during  the  voyage  of  the  “Scotia”  (1902-1904),  and  includes  his  paper  “On  a Sea-Saw 
of  Barometric  Pressure,  Temperature,  and  Wind  Velocity  between  the  Weddell  Sea  and  the 
Ross  Sea,”  published  in  the  Proceedings  of  the  Society. 


II.  MAKDOUGALL-BRISBANE  PRIZE. 

1st  Biennial  Period,  1859. — Sir  Roderick  Impey  Murchison,  on  account  of  his  Contributions 
to  the  Geology  of  Scotland. 

2nd  Biennial  Period,  1860-02. — William  Seller,  M.D  , F.R.C.P.E.,  for  his  “Memoir  of  the 
Life  and  Writings  of  Dr  Robert  Whytt,”  published  in  the  Transactions  of  the  Society. 

3rd  Biennial  Period,  1862-64. — John  Denis  Macdonald,  Esq.,  R.N.,  F.R.S.,  Surgeon  of 
H. M.S.  “Icarus,”  for  his  paper  “ on  the  Representative  Relationships  of  the  Fixed  and  Free 
Tunicata,  regarded  as  Two  Sub-classes  of  equivalent  value;  with  some  General  Remarks  on 
their  Morphology,”  published  in  the  Transactions  of  the  Society. 

4th  Biennial  Period,  1864-66. — Not  awarded. 

5th  Biennial  Period,  1866-68.— Dr  Alexander  Crum  Brown  and  Dr  Thomas  Richard 
Frasek,  for  their  conjoint  paper  “on  the  Connection  between  Chemical  Constitution  and 
Physiological  Action,”  published  in  the  Transactions  of  the  Society. 

6th  Biennial  Period,  1868-70. — Not  awarded. 

7th  Biennial  Period,  1870-72. — George  James  Allman,  M.D.,  F.R.S.,  Emeritus  Professor  of 
Natural  History,  for  his  paper  “ on  the  Homological  Relations  of  the  Ccelenterata,”  published 
in  the  Transactions,  which  forms  a leading  chapter  of  his  Monograph  of  Gymnoblastic  or 
Tubularian  Hydroids — since  published. 

8th  Biennial  Period,  1872-74. —Professor  Lister,  for  his  paper  “on  the  Germ  Theory  of 
Putrefaction  and  the  Fermentive  Changes,”  communicated  to  the  Society,  7th  April  1873. 

9th  Biennial  Period,  1874-76. — Alexander  Buchan,  A.  M.,  for  his  paper  “on  the  Diurnal 
Oscillation  of  the  Barometer,”  published  in  the  Transactions  of  the  Society. 

10th  Biennial  Period,  1876-78. — Professor  Archibald  Geikie,  for  his  paper  “on  the  Old 
Red  Sandstone  of  Western  Europe,”  published  in  the  Transactions  of  the  Society. 

11th  Biennial  Period,  1878-80. — Professor  Piazzi  Smyth,  Astronomer- Royal  for  Scotland,  for 
his  paper  “on  the  Solar  Spectrum  in  1877-78,  with  some  Practical  Idea  of  its  probable 
Temperature  of  Origination,”  published  in  the  Transactions  of  the  Society. 

12th  Biennial  Period,  1880-82. — Professor  James  Geikie,  for  his  “Contributions  to  the 
Geology  of  the  North-West  of  Europe,”  including  his  paper  “on  the  Geology  of  the 
Faroes,”  published  in  the  Transactions  of  the  Society. 

13th  Biennial  Period,  1882-84. — Edward  Sang,  Esq.,  LL.D.,  for  his  paper  “on  the  Need  of 
Decimal  Subdivisions  in  Astronomy  and  Navigation,  and  on  Tables  requisite  therefor,”  and 
generally  for  his  Recalculations  of  Logarithms  both  of  Numbers  and  Trigonometrical  Ratios, 
— the  former  communication  being  published  in  the  Proceedings  of  the  Society. 

14th  Biennial  Period,  1884-86. — .Iohn  Murray,  Esq  , LL.D.,  for  his  papers  “On  the  Drainage 
Areas  of  Continents,  and  Ocean  Deposits,”  “The  Rainfall  of  the  Globe,  and  Discharge  of 
Rivers,”  “The  Height  of  the  Land  and  Depth  of  the  Ocean,”  and  “The  Distribution  of 
Temperature  in  the  Scottish  Lochs  as  affected  by  the  Wind.” 

15th  Biennial  Period,  1886-88. — Archibald  Geikie,  Esq.,  LL.D.,  for  numerous  Communica- 
tions, especially  that  entitled  “ History  of  Volcanic  Action  during  the  Tertiary  Period  in  the 
British  Isles,”  published  in  the  Transactions  of  the  Society. 

16th  Biennial  Period,  1889-90.  — Dr  Ludwig  Becker,  for  his  paper  on  “The  Solar  Spectrum  at 
Medium  and  Low  Altitudes,”  printed  in  vol  xxxvi,  Part  I,  of  the  Society’s  Transactions. 

17th  Biennial  Period,  1890-92. — Hugh  Robert  Mill,  Esq.,  D.Sc.,  for  his  papers  on  “The 
Physical  Conditions  of  the  Clyde  Sea  Area,”  Part  I being  already  published  in  vol.  xxxvi 
of  the  Society’s  Transactions. 
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18th  Biennial  Period,  1892-94. — Professor  James  Walker,  D.Sc.,  Ph.D.,  for  his  work  on 
Physical  Chemistry,  part  of  which  has  been  published  in  the  Proceedings  of  the  Society,  vol. 
xx,  pp.  255-263.  In  making  this  award,  the  Council  took  into  consideration  the  work 
done  by  Professor  Walker  along  with  Professor  Crum  Brown  on  the  Electrolytic  Synthesis 
of  Dibasic  Acids,  published  in  the  Transactions  of  the  Society. 

19th  Biennial  Period,  1894-96. — Professor  John  G.  M ‘Kendrick,  for  numerous  Physiological 
papers,  especially  in  connection  with  Sound,  many  of  which  have  appeared  in  the  Society’s 
publications. 

20th  Biennial  Period,  1896-98. — Dr  William  Peddik,  for  his  papers  on  the  Torsional  Rigidity 
of  Wires. 

21st  Biennial  Period,  1898-1900. — Dr  Ramsay  H.  Traquatr,  for  his  paper  entitled  “ Report  on 
Fossil  Fishes  collected  by  the  Geological  Survey  in  the  Upper  Silurian  Rocks  of  Scotland,” 
printed  in  vol.  xxxix  of  the  Transactions  of  the  Society. 

22nd  Biennial  Period,  1900-02. — Dr  Arthur  T.  Masterman,  for  his  paper  entitled  “The 
Early  Development  of  Cribrella  oculata  ( Forbes),  with  remarks  on  Echinoderm  Development,” 
printed  in  vol.  xl  of  the  Transactions  of  the  Society. 

23rd  Biennial  Period,  1902-04. — Mr  John  Dougall,  M.A.,  for  his  paper  on  “An  Analytical 
Theory  of  the  Equilibrium  of  an  Isotropic  Elastic  Plate,”  published  in  vol.  xli  of  the 
Transactions  of  the  Society. 

24th  Biennial  Period,  1904-06.  — Jacob  E.  Halm,  Ph.D.,  for  his  two  papers  entitled  “Spectro- 
scopic Observations  of  the  Rotation  of  the  Sun,”  and  “Some  Further  Results  obtained  with 
the  Spectroheliometer,”  and  for  other  astronomical  and  mathematical  papers  published  in 
the  Transactions  and  Proceedings  of  the  Society  within  the  period. 

25th  Biennial  Pebiod,  1906-08. — D.  T.  Gwynne-Vaughan,  M. A.,  F.L.S.,  for  his  papers, 
1st,  “On  the  Fossil  Osmundacese,”  and  2nd,  “ On  the  Origin  of  the  Adaxially-curved  Leaf- 
trace  in  the  Filicales,”  communicated  by  him  conjointly  with  Dr  R.  Kidston. 

26th  Biennial  Period,  1908-10. — Ernest  MacLagan  Wedderburn,  M.A.,  LL.B.,  for  his 
series  of  papers  bearing  upon  “ The  Temperature  Distribution  in  Fresh-water  Lochs,”  and 
especially  upon  “The  Temperature  Seiche.” 

27th  Biennial  Period,  1910-12. — John  Brownlee,  M.A.,  M.D.,  D.Sc.,  for  his  contributions 
to  the  Theory  of  Mendelian  Distributions  and  cognate  subjects,  published  in  the  Proceedings 
of  the  Society  within  and  prior  to  the  prescribed  period. 

28th  Biennial  Period,  1912-14.  — Professor  C.  R.  Marshall,  M.D.,  M.A.,  for  his  studies  “On 
the  Pharmacological  Action  of  Tetra-alkyl-ammonium  Compounds.” 

29th  Biennial  Period,  1914-16. —Robert  Alexander  Boustoun,  Ph.D.,  D.Sc.,  for  his  series 
of  papers  on  “The  Absorption  of  Light  by  Inorganic  Salts,”  published  in  the  Proceedings 
of  the  Society. 


III.  THE  NEILL  PRIZE. 

1st  Triennial  Period,  1856-59.  — Dr  W.  Lauder  Lindsay,  for  his  paper  “on  the  Spermogones 
and  Pycnides  of  Filamentous,  Fruticulose,  and  Foliaceous  Lichens,”  published  in  the  Trans- 
actions of  the  Society. 

2nd  Triennial  Period,  1859-61. — Robert  Kaye  Greville,  LL.D.,  for  his  contributions  to 
Scottish  Natural  History,  more  especially  in  the  department  of  Cryptogamic  Botany, 
including  his  recent  papers  on  Diatomacete. 

3rd  Triennial  Period,  18t2-65. — Andrew  Crombie  Ramsay,  F.R.S.,  Professor  of  Geology  in 
the  Government  School  of  Mines,  and  Local  Director  of  the  Geological  Survey  of  Great 
Britain,  for  his  various  works  and  memoirs  published  during  the  last  live  years,  in  which  he 
has  applied  the  large  experience  acquired  by  him  in  the  Direction  of  the  arduous  work  of 
the  Geological  Survey  of  Great  Britain  to  the  elucidation  of  important  questions  bearing  on 
Geological  Science. 

4th  Triennial  Period,  1865-68. — Dr  William  Carmichael  MTntosh,  for  his  paper  “on  the 
Structure  of  the  British  Nemerteans,  and  on  some  New  British  Annelids,’’  published  in  the 
Transactions  of  the  Society. 

5th  Triennial  Period,  1868-71. — Professor  William  Turner,  for  his  papers  “on  the  Great 
Finner  Whale  ; and  on  the  Gravid  Uterus,  and  the  Arrangement  of  the  Foetal  Membranes 
in  the  Cetacea,”  published  in  the  Transactions  of  the  Society. 

6th  Triennial  Period,  1871-74. — Charles  William  Peach,  Esq.,  for  his  Contributions  to 
Scottish  Zoology  and  Geology,  and  for  his  recent  contributions  to  Fossil  Botany. 
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7th  Triennial  Period,  1874-77. — Dr  Ramsay  H.  Traqtjair,  for  his  paper  “on  the  Structure 
and  Affinities  of  Tristichopterus  alatus  (Egerton),”  published  in  the  Transactions  of  the 
Society,  and  also  for  his  contributions  to  the  Knowledge  of  the  Structure  of  Recent  and 
Fossil  Fishes. 

8tii  Triennial  Period,  1877-80. — John  Murray,  Esq.,  for  his  paper  “on  the  Structure 
and  Origin  of  Coral  Reefs  and  Islands,”  published  (in  abstract)  in  the  Proceedings  of 
the  Society. 

9th  Triennial  Period,  1880-83. — Professor  Herdman,  for  his  papers  “on  the  Tunicata,” 
published  in  the  Proceedings  and  Transactions  of  the  Society. 

1 0th  Triennial  Period,  1883-86. — B.  N.  Peach,  Esq.,  for  his  Contributions  to  the  Geology  and 
Palaeontology  of  Scotland,  published  in  the  Transactions  of  the  Society. 

1 1th  Triennial  Period,  1886-89. — Robert  Kidston,  Esq.,  for  his  Researches  in  Fossil  Botany* 
published  in  the  Transactions  of  the  Society. 

12th  Triennial  Period,  1889-92. — John  Horne,  Esq.,  F.G.S.,  for  his  Investigations  into  the 
Geological  Structure  and  Petrology  of  the  North-West  Highlands. 

13th  Triennial  Pekiod,  1892-95. — Robert  Irvine,  Esq.,  for  his  papers  on  the  Action  of 
Organisms  in  the  Secretion  of  Carbonate  of  Lime  and  Silica,  and  on  the  solution  of  these 
substances  in  Organic  Juices.  These  are  printed  in  the  Society’s  Transactions  and 
Proceedings. 

14th  Triennial  Period,  1895-98. — Professor  Cossar  Ewart,  for  his  recent  Investigations  con- 
nected with  Telegony. 

15th  Triennial  Period,  1898-1901. — Dr  John  S.  Flett,  for  his  papers  entitled  “The  Old  Red 
Sandstone  of  the  Orkneys”  and  “The  Trap  Dykes  of  the  Orkneys,”  printed  in  vol. 
xxxix  of  the  Transactions  of  the  Society. 

16th  Triennial  Period,  1901-04. — Professor  J.  Graham  Kerr,  M.A.,  for  his  Researches  on 
Lepidosiren  ptaradoxa,  published  in  the  Philosophical  Transactions  of  the  Royal  Society, 
London. 

17th  Triennial  Period,  1904-07. — Frank  J.  Cole,  B.Sc.,  for  his  paper  entitled  “A  Monograph 
on  the  General  Morphology  of  the  Myxinoid  Fishes,  based  on  a Study  of  Myxine,”  published 
in  the  Transactions  of  the  Society,  regard  being  also  paid  to  Mr  Cole’s  other  valuable  contri- 
butions to  the  Anatomy  and  Morphology  of  Fishes. 

1st  Biennial  Period,  1907-09. — Francis  J.  Lewis,  M.Sc.,  F.L.S.,  for  his  papers  in  the  Society’s 
Transactions  “ On  the  Plant  Remains  of  the  Scottish  Peat  Mosses.” 

2nd  Biennial  Period,  1909-11.— James  Murray,  Esq.,  for  his  paper  on  “Scottish  Rotifers 
collected  by  the  Lake  Survey  (Supplement),”  and  other  papers  on  the  “Rotifera”  and 
“ Tardigrada,”  which  appeared  in  the  Transactions  of  the  Society — (this  Prize  was  awarded 
after  consideration  of  the  papers  received  within  the  five  years  prior  to  the  time  of  award  : 
see  Neill  Prize  Regulations). 

3rd  Biennial  Period,  1911-13. — Dr  W.  S.  Bruce,  in  recognition  of  the  scientific  results  of  his 
Arctic  and  Antarctic  explorations. 

4th  Biennial  Period,  1913-15. — Robert  Campbell,  D.Sc.,  for  his  paper  on  “The  Upper 
Cambrian  Rocks  at  Craigeven  Bay,  Stonehaven,”  and  “ Downtonian  and  Old  Red  Sandstone 
Rocks  of  Kincardineshire,”  published  in  the  Transactions  of  the  Society. 

5th  Biennial  Period,  1915-17. — W.  H.  Lang,  F.R.S.,  M.B.,  D.Sc.,  for  his  paper  in  conjunction 
with  Dr  R.  Kidston,  F.R.S.,  on  Rhynia  Gwynne-Vaughani,  Kidston  and  Lang,  published 
in  the  Transactions  of  the  Society,  and  for  his  previous  investigations  on  Pteridophytes 
and  Cycads. 


IV.  GUNNING  VICTORIA  JUBILEE  PRIZE. 

1st  Triennial  Period,  1884-87. — Sir  William  Thomson,  Pres.  R.S.E.,  F.R.S.,  for  a remark- 
able series  of  papers  “on  Hydrokinetics,”  especially  on  Waves  and  Vortices,  which  have 
been  communicated  to  the  Society. 

2nd  Triennial  Period,  1887-90. — Professor  P.  G.  Tait,  Sec.  R.S.E. , for  his  work  in  connection 
with  the  “Challenger”  Expedition,  and  his  other  Researches  in  Physical  Science. 

3rd  Triennial  Period,  1890-93. — Alexander  Buchan,  Esq.,  LL.D.,  for  his  varied,  extensive, 
and  extremely  important  Contributions  to  Meteorology,  many  of  which  have  appeared  in  the 
Society’s  publications. 

4th  Triennial  Period,  1893-96. — John  Aitken,  Esq.,  for  his  brilliant  Investigations  in 
Physics,  especially  in  connection  with  the  Formation  and  Condensation  of  Aqueous  Vapour. 
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1st  Quadrennial  Period,  1896-1900. — Dr  T.  D.  Anderson,  for  his  discoveries  of  New  and 
Variable  Stars. 

2nd  Quadrennial  Period,  1900-04.— Sir  James  Dewar,  LL.D.,  D.C.L.,  F.R.S.,  etc.,  for  his 
researches  on  the  Liquefaction  of  Gases,  extending  over  the  last  quarter  of  a century,  and 
on  the  Chemical  and  Physical  Properties  of  Substances  at  Low  Temperatures  : his  earliest 
papers  being  published  in  the  Transactions  and  Proceedings  of  the  Society. 

3rd  Quadrennial  Period,  1904-08. — Professor  George  Chrystal,  M.  A.,  LL.D.,  for  a series  of 
papers  on  “ Seiches,”  including  “ The  Hydrodynamical  Theory  and  Experimental  Investiga- 
tions of  the  Seiche  Phenomena  of  Certain  Scottish  Lakes.” 

4th  Quadrennial  Period,  1908-12. — Professor  J.  Norman  Collie,  Ph.D.,  F.R.S.,  for  his 
distinguished  contributions  to  Chemistry,  Organic  and  Inorganic,  during  twenty- seven 
years,  including  his  work  upon  Neon  and  other  rare  gases.  Professor  Collie’s  early  papers 
were  contributed  to  the  Transactions  of  the  Society. 

5th  Quadrennial  Period,  1912-16. — Sir  Thos.  Muir,  C.M.G.,  LL.D.,  F.R.S.,  for  his  series 
of  Memoirs  upon  “ The  Theory  and  History  of  Determinants  and  Allied  Forms,”  published 
in  the  Transactions  and  Proceedings  of  the  Society  between  the  years  1872  and  1915. 
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ABSTRACT 


OF 

THE  ACCOUNTS  OF  JAMES  CURRIE,  ESQ. 

As  Treasurer  of  the  Royal  Society  of  Edinburgh. 
SESSION  1917-1918. 


I.  ACCOUNT  OF  THE  GENERAL  FUND. 


CHARGE. 


1.  Arrears  of  Contributions  at  30th  September  1917  ......  £140  14  0 

2.  Contributions  for  present  Session  : — 

1.  179  Fellows  at  £2,  2s.  each  ......  £375  18  0 

99  Fellows  at  £3,  3s.  each  . . . . . . 311  17  0 


3. 


4. 

5. 

6. 

7. 


£687  15  0 

2.  Fees  of  Admission  and  Contributions  of  fifteen  new  Fellows 


at  £4,  4s.  each  ........  63  0 0 


Interest  received — 

Interest  on  £7830  five  per  cent.  War  Loan,  1929-47, 

Untaxed £391  10  0 

Annuity  from  Edinburgh  and  District  Water  Trust, less  Tax, 

£14,  8s.  9d 38  1 3 

Interest  on  Deposit  Receipts  . . . . . 0 6 10 


Transactions  and  Proceedings  ......... 

Annual  Grant  from  Government ......... 

Income  Tax  repaid  for  year  to  5th  April  1918 

Donation  and  Receipts  from  Sale  of  Napier  Tercentenary  Memorial  Volume 


750  15  0 


429  18  1 

164  6 4 

600  0 0 
13  2 6 
34  15  11 


Amount  of  the  Charge 


£2133  11  10 


DISCHARGE. 

1.  Taxes,  Insurance,  Coal  and  Lighting  : — 

Inhabited  House  Duty  ..... 

Insurance  ....... 

Coal,  etc.,  to  7th  August  1918 

Gas  to  11th  May  1918  ..... 

Electric  Light  to  18th  September  1918  . 

Water,  1917-18 

2.  Salaries  : — 

General  Secretary,  1917-18  . 

Librarian  ....... 

Interim  Assistant  Librarian  .... 

Office  Keeper  ....... 

Treasurer’s  Clerk  ...... 


£0 

6 

3 

19 

13 

0 

42 

2 

10 

2 

13 

4 

5 

0 

11 

4 

4 

0 

£74  0 4 


£100 

0 

0 

120 

0 

0 

93 

3 

4 

94 

10 

0 

25 

0 

0 

432  13  4 


Carry  forward 


£506  13  8 
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3.  Expenses  of  Transactions  : — 


Brought  forward 


4. 


5. 


6. 


7. 

8. 


Neill  & Co.,  Ltd.,  Printers 
Hislop  k Day,  Ltd.,  Engravers 
Orrock  k Son,  Bookbinders 


% 

Less — 

Carnegie  Trustees — Grant  towards  Mr  J.  M.  Thompson’s  Paper 
Expenses  of  Proceedings 

Neill  k Co.,  Ltd.,  Printers  ....... 

Hislop  & Day,  Ltd.,  Engravers  ...... 

M‘Farlane  k Erskine,  Lithographers  ..... 

Less— 

Carnegie  Trustees — Grants  towards  Messrs 
Horne’s,  Tait’s,  Peach’s,  and  Newton’s 
Papers  .......  £22  4 10 

Miss  Huie — towards  illustrations  of  Paper  . 17  14  6 

Mr  Lim — Do.  . 2 10 


Books,  Periodicals,  Newspapers,  etc.  : — 

The  Universities’  Bureau  of  the  British  Empire 
James  Thin,  Bookseller  ..... 
ft.  Grant  k Son,  Booksellers  . 

W.  Green  k Son,  Ltd.,  Booksellers 
International  Catalogue  of  Scientific  Literature 
Robertson  & Scott,  News  Agents 
Egypt  Exploration  Fund,  Subscription  . 

Ray  Society  Do. 

Palaeontographical  Society  Do. 

Board  of  Scientific  Societies,  London,  Donation 
Williams  & Norgate  ..... 


Other  Payments  : — 

Neill  k Co.,  Ltd.,  Printers 

E.  Sawers,  Purveyor  .... 

S.  Duncan,  Tailor  (uniforms)  . 

S.  Heddle — Bonus.  .... 

Andrew  H.  Baird  , 

Lindsay,  Jamieson  k Haldane,  C.A.,  Auditors 
Post  Office  Telephone  Rent 
A.  Cowan  k Sons,  Ltd.  .... 
Orrock  k Son,  Bookbinders  ... 

Gillies  k Wright,  Joiners 

R.  Graham,  Slater  ..... 

Mackenzie  k Moncur,  Ltd. 

Petty  Expenses,  Postages,  Carriage,  etc. 


Arrears  of  Contributions  written  off 


Arrears  of  Contributions  outstanding  at  30th  September  1918 : — 
Present  Session  ......... 

Previous  Sessions  ......... 


£171 

7 

11 

115 

11 

2 

39 

17 

9 

£326 

16 

10 

22 

9 

8 

£247 

15 

0 

38 

13 

5 

17 

14 

6 

£304 

2 

11 

42 

0 

4 

£0 

7 

11 

75 

13 

0 

6 

19 

0 

0 

14 

0 

17 

0 

0 

6 

2 

4 

4 

4 

0 

1 

1 

0 

1 

1 

0 

5 

0 

0 

1 

6 

6 

£69 

12 

0 

24 

9 

0 

6 

12 

0 

5 

0 

0 

1 

18 

0 

6 

6 

0 

12 

0 

0 

8 

5 

11 

4 

14 

6 

5 

16 

3 

5 

8 

0 

2 

0 

9 

102 

3 

4 

£58 

16 

0 

37 

16 

0 

£506  13  8 


304  712 


262  2 7 


119  8 9 


254  5 9 

72  9 0 


96  12  0 


^1615  18  11 


Amount  of  the  Discharge 
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Amount  of  the  Charge j£2133  11  10 

Amount  of  the  Discharge 1615  18  11 

Excess  of  Receipts  over  Payments  for  1917-1918  . . ^£517  12  11 

Floating  Balance  due  by  thk  Society  at  30tli  September  1917  720  12  7 

Floating  Balance  due  by  the  Society  at  30th  September  1918  . £202  19  8 

Being — 


Balance  due  to  Neill  & Co.,  Ltd.,  at  30th  September  1917  . . £627  18  3 

Less — Paid  to  account  during  1917-18  .....  200  0 0 


£427  18  3 

Private  Contribution  received  towards  Mr  R.  A.  Fisher’s  paper 

(not  yet  printed)  applicable  to  1918-19  accounts  . . . 30  0 0 


£457  18  3 

Deduct — 

Balance  due  by  Union  Bank  of  Scotland,  Ltd.,  on 

Account  Current  . . . . . .£245171 

Balance  due  by  Treasurer  . . . . 9 16 

254  18  7 

202  19  8 

II.  ACCOUNT  OF  THE  KEITH  FUND 

To  30 tli  September  1918. 

CHARGE. 

1.  Balance  due  by  Union  Bank  of  Scotland,  Ltd.,  on  Account  Current  at 

30th  September  1917  ...........  £73  17  10 

2.  Interest  Received  : — 

On  £650  five  per  cent.  War  Loan,  1929-47,  Untaxed  . . £32  10  0 

On  Deposit  Receipt,  Union  Bank  of  Scotland,  Ltd  . . 0 19  5 

33  9 5 


£107  7 3 


DISCHARGE. 

1.  Robert  C.  Mossman,  Esq.,  Money  portion  of  prize,  1915-17  . . . . £50  0 0 

Note. — The  award  of  the  medal  is  postponed  until  after  the  war. 

2.  Balance  due  by  Union  Bank  of  Scotland,  Ltd.,  on  Deposit  Receipt  at 

30th  September  1918  . . . . . . . . . . 57  7 3 


£107  7 3 


III.  ACCOUNT  OF  THE  NEILL  FUND 

To  30 th  September  1918. 

CHARGE. 

1.  Balance  due  by  Union  Bank  of  Scotland,  Ltd.,  on  Account  Current  at 

30th  September  1917  ...........  £31  4 7 

2.  Interest  Received  : — 

On  £300  five  per  cent.  War  Loan,  1929-47,  Untaxed  . £15  0 0 

On  Deposit  Receipt,  Union  Bank  of  Scotland,  Ltd.  . . 0 8 1 

15  8 1 

£46  12  8 

DISCHARGE. 

1.  Professor  W.  H.  Lang,  F.  R.S.,  Money  portion  of  prize,  1915-17  . . . £14  0 0 

Note.  — The  award  of  the  medal  is  postponed  until  after  the  war. 

2.  Balance  due  by  Union  Bank  of  Scotland,  Ltd.,  on  Deposit  Receipt  at 

30th  September  1918  ...........  32  12  8 


£46  12  8 
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IV.  ACCOUNT  OF  THE  MAKDOUG ALL -BRISBANE  FUND 

To  30 th  September  1918. 

CHARGE. 

1.  Balance  due  by  Union  Bank  of  Scotland,  Ltd.,  on  Account  Current  at 

30th  September  1917  ..........  £54  3 8 

2.  Interest  Received  : — 

On  £400  five  per  cent.  War  Loan,  1929-47,  Untaxed  . . . . . 20  0 0 

£74  3 8 


DISCHARGE. 

1.  Balance  due  by  Union  Bank  of  Scotland,  Ltd.,  at  30th  September  1918  : — 

On  Deposit  Receipt  ...........  £64  3 8 

On  Account  Current  . . . . . . . . . . 1000 


£74  3 8 


V.  ACCOUNT  OF  THE  MAKERSTOUN  MAGNETIC  METEOROLOGICAL 

OBSERVATION  FUND 

To  30 th  September  1918. 

CHARGE. 

1.  Balance  due  by  Union  Bank  of  Scotland,  Ltd.,  on  Account  Current  at 

30th  September  1917  . . . . . . . . . . . £3  12  11 

2.  Interest  Received  : — 

On  £250  five  per  cent.  War  Loan,  1929-47,  Untaxed  . . . . 12  10  0 


£16  2 11 


DISCHARGE. 

1.  Balance  due  by  Union  Bank  of  Scotland,  Ltd.,  on  Account  Current  at 

30th  September  1918  ...........  £16  2 11 


VI.  ACCOUNT  OF  THE  GUNNING  VICTORIA  JUBILEE  PRIZE  FUND 

To  30 th  September  1918. 

(Instituted  by  Dr  R.  H.  Gunning  of  Edinburgh  and  Rio  de  Janeiro.) 

CHARGE. 

1.  Balance  due  by  Union  Bank  of  Scotland,  Ltd.,  on  Account  Current  at 

30th  September  1917  ..........  £40  16  10 

2.  Interest  Received  : — 

On  £570  five  per  cent.  War  Loan,  1929-47,  Untaxed  . . . . . 28  10  0 


£69  6 10 


DISCHARGE. 

1.  Balance  due  by  Union  Bank  of  Scotland.  Ltd.,  at  30th  September  1918  : — 

On  Deposit  Receipt  .....  ......  £55  1 10 

On  Account  Current  . . . . . . . . 14  5 0 


£69  6 10 
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VII.  ACCOUNT  OF  THE  JAMES  SCOTT  PRIZE  FUND 

To  30 tli  September  1918. 

CHARGE. 

1.  Bequest  by  the  late  James  Scott,  East  Pittendreich,  Brechin  ....  £250  0 0 

DISCHARGE. 

1.  Balance  due  by  the  Union  Bank  of  Scotland,  Ltd.,  Brechin,  on  Deposit  Receipt 

at  30th  September  1918  ..........  £250  0 0 


STATE  OF  THE  FUNDS  BELONGING  TO  THE  ROYAL 
SOCIETY  OF  EDINBURGH 


As  at  30th  September  1918. 

1.  GENERAL  FUND— 

1.  £7830  five  per  cent.  War  Loan,  1929-47,  at  95x3¥  per  cent.  . . . . £7453  3 8 

2.  £52,  10s.  Annuity  of  the  Edinburgh  and  District  Water  Trust,  equivalent 

to  £875  at  11 2 per  cent.  .........  980  0 0 

3.  Deposit  Receipt  Union  Bank  of  Scotland,  Ltd.,  being  balance  of  Legacy 

received,  during  1917-18,  from  the  Trustees  of  the  late  Mr  Robert 

Mackay  Smith,  £500  less  legacy  duty  £50  ......  450  0 0 

4.  Arrears  of  Contributions,  as  per  preceding  Abstract  of  Accounts  . . 96  12  0 


£8979  15  8 

Deduct  Floating  Balance  due  by  the  Society,  as  per  preceding  Abstract 

of  Accounts  ...........  202  19  8 

Amount  . . . £8776  16  0 


Exclusive  of  Library,  Museum,  Pictures,  etc.,  and  Furniture  in  the  Society’s  Rooms 
at  George  Street,  Edinburgh. 

2.  KEITH  FUND— 

1.  £550  five  per  cent.  War  Loan,  1929-47,  at  95x%  per  cent.  ....  £618  14  4 

2.  Balance  due  by  Union  Bank  of  Scotland,  Ltd.,  on  Deposit  Receipt  . 57  7 3 

Amount  . . . £676  1 7 


3.  NEILL  FUND— 

1.  £500  five  per  cent.  War  Loan,  1929-47,  at  95^- per  cent.  ....  £285  11  3 

2.  Balance  due  by  Union  Bank  of  Scotland,  Ltd.,  on  Deposit  Receipt  . . 32  12  8 


Amount  . . . £318  3 11 


4.  MAKDOUGALL.BRISBANE  FUND— 

1.  £400  five  per  cent.  War  Loan,  1929-47,  at  95X3X  per  cent. 

2.  Balances  due  by  Union  Bank  of  Scotland,  Ltd.  : — 

On  Deposit  Receipt  ...... 

On  Account  Current  ...... 


. £380  15  0 

£64  3 8 

10  0 0 

74  3 8 


Amount  . . . £454  18  8 


5.  MAKERSTOUN  MAGNETIC  METEOROLOGICAL  OBSERVATION  FUND  — 

1.  £250  five  per  cent.  War  Loan,  1929-47,  at  95x%  per  cent.  ....  £237  19  4 

2.  Balance  due  by  Union  Bank  of  Scotland,  Ltd.,  on  Account  Current  . . 16  2 11 

£254  2 3 


Amount 
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6.  GUNNING  VICTORIA  JUBILEE  PRIZE  FUND — Instituted  by  Dr  Gunning  of  Edinburgh 
and  Rio  de  Janeiro — 

1.  £570  five  per  cent.  War  Loan,  1929-47,  at  95x\  per  cent.  ....  £542  11  5 

2.  Balances  due  by  Union  Bank  of  Scotland,  Ltd.  : — 

On  Deposit  Receipt  .......  £55  110 

On  Account  Current  .......  14  5 0 

69  6 10 


Amount  . . . £611  18  3 


7.  JAMES  SCOTT  PRIZE  FUND— 

Balance  due  by  Union  Bank  of  Scotland,  Ltd.,  Brechin,  on  Deposit  Receipt  . £250  0 0 


8.  TAIT  MEMORIAL  FUND— 

This  Fund  consists  mainly  of  War  Loan,  and  is  to  mature  for  a period  of  about  ten  years, 
when  it  is  expected  to  yield  about  £75  per  annum. 


Edinburgh,  14 th  October  1918. — We  have  examined  the  preceding  Accounts  of  the 
Treasurer  of  the  Royal  Society  of  Edinburgh  for  the  Session  1917-1918,  and  have  found  them  to  be 
correct.  The  securities  of  the  various  Investments  at  30th  September  1918,  as  noted  in  the  above 
Statement  of  Funds  (with  the  exception  of  No.  8),  have  been  exhibited  to  us. 


LINDSAY,  JAMIESON  & HALDANE,  C.A. 
Auditors. 
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1898 

1896 

1875 

1895 

1889 

1894 

1888 

1906 

1883 

1905 

1903 

1905 
1881 
1915 

1906 

1899 

1910 

1907 

1911 

1907 

1896 


ALPHABETICAL  LIST  OF  THE  ORDINARY  FELLOWS 

OF  THE  SOCIETY, 


N.  B. — Those  marked*  are  Annual  Contributors. 


B.  prefixed  to  a name  indicates  that  the  Fellow  has  received  a Makdougall-Brisbane  Medal. 

K.  ,,  „ ,,  Keith  Medal. 

N.  ,,  ,,  ,,  Neill  Medal. 

V.  J.  ,,  ,,  „ the  Gunning  Victoria  Jubilee  Prize. 

C.  ,,  ,,  ,,  contributed  one  or  more  Communications  to  the 

Society’s  Transactions  or  Proceedings. 


C. 


C.  K. 

y.  j. 


c. 


c. 


c. 


C.  K. 

c. 


* Abercromby,  the  Rt.  Hon.  Lord,  LL.  D. , 62  Palmerston  Place,  Edinburgh 
Adami,  Prof.  J.  G.,  M.A.,  M.D.  Cantab.,  F.R.S.,  Professor  of  Pathology  in  M‘Gill 

University,  Montreal 

* Affleck,  Sir  Jas.  Ormiston,  M.D.,  LL.  D.,  F.  R.  C.  P.  E. , 38  Heriot  Row,  Edin- 

burgh 

Aitken,  John,  LL.D.,  F.R.S.,  Ardenlea,  Falkirk 

* Alford,  Robert  Gervase,  M.  Inst.C.E. , Three  Gables,  Woodburn  Park  Road,  Tun- 

bridge Wells,  Kent  5 

Alison,  John,  M.A.,  Head  Master,  George  Watson’s  College,  Edinburgh 
Allan,  Francis  John,  M.D.,  C.M.  Edin.,  M.O.H.  City  of  Westminster,  West- 
minster City  Hall,  Charing  Cross  Road,  London. 

Allardice.  R.  E.,  M.A.,  Professor  of  Mathematics  in  Stanford  University,  Palo 
Alto,  Santa  Clara  Co. . California 

Anderson,  Daniel  E.,  M.D. , B. A.,  B.Sc.,  Green  Bank,  Merton  Lane,  Highgate, 
London,  N. 

Anderson,  Sir  Robert  Rowand,  LL.D.,  16  Rutland  Square,  Edinburgh  10 

* Anderson,  William,  M.A.,  Head  Science  Master,  George  Watson’s  College,  Edin- 

burgh, 6 Lockharton  Crescent,  Edinburgh 
Anderson-Berry,  David,  M.D.,  LL.D.,  F.R.S.L.,  M. R. A.S.,  F.S.A.  (Scot.), 
Versailles,  Highgate,  London,  N. 

* Andrew,  George,  M.A.,  B.A.,  H.M.I.S. , Balgillo  Cottage,  Seafield  Road, 

Brouglity  Ferry 

Anglin,  A.  H.,  M.A.,  LL.D.,  M.R. I. A.,  Professor  of  Mathematics,  Queen’s 
College,  Cork 

Anthony,  Charles,  M. Inst.C.E. , M.  Am.  Soc.  C.E.,  F.R.San. I.,  F. R.A. S. , 
F.R.Met.  S.,  F.  R.M.S.,  F.C.S.,  General  Manager,  Water  Works  Company, 
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Appleton,  Colonel  Arthur  Frederick,  F.R.C.V.S.,  Nylstroom,  Smoke  Lane, 
Reigate 

Appleyard,  James  R. , Royal  Technical  Institute,  Salford,  Manchester 
Archibald,  E.  H.,  B.Sc.,  Professor  of  Chemistry,  University  of  British  Columbia, 
Vancouver,  Canada 

* Archibald,  James,  M.A.,  Head  Master,  St  Bernard’s  School,  1 Leamington  Terrace, 

Edinburgh 

* Ashworth,  James  Hartley,  D.Sc.,  F.R.S.,  Lecturer  on  Invertebrate  Zoology,! 

University  of  Edinburgh  (Secretary),  69  Braid  Avenue,  Edinburgh  20^ 

* Badre,  Muhammad,  Ph.D. , Almuneerah,  Cairo,  Egypt 

; * Baily,  Francis  Gibson,  M.A.,  M.Inst. E.E.,  Professor  of  Electrical  Engineering, 
Heriot-Watt  College,  Edinburgh,  Newbury,  Colinton,  Midlothian 
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Balfour,  I.  Bayley,  M.A.,  Sc.D.,  M.D.,  LL.D.,  F.R.S.,  F.L.S.,  King’s  Botanist 
in  Scotland,  Professor  of  Botany  in  the  University  of  Edinburgh  and  Keeper 
of  the  Royal  Botanic  Garden,  Inverleith  House,  Edinburgh 
Balfour-Browne,  William  Alexander  Francis,  M.A. , Barrister- at- Law,  26  Barton 
Road,  Cambridge 

Ballantyne,  J.  W.,  M.D.,  F.R.C.P.E.,  19  Rothesay  Terrace,  Edinburgh  25 

* Balsillie,  David,  B.Sc.,  F.G.  S. , Assistant  in  the  Chemistry  Department, 

University,  Edinburgh,  14  Grey  friars  Garden,  St  Andrews 
Bannerman,  W.  B.,  C.S.I.,  I.M  S.,  M.D. , D Sc.,  Surgeon  General,  Indian 
Medical  Service,  11  Strathearn  Place,  Edinburgh 
Barbour,  A.  H.  F.,  M.A.,  M.D.,  LL.D.,  F.R.C.P.E.,  4 Charlotte  Square, 
Edinburgh 

Barclay,  A.  J.  Gunion,  M.A.,  3 Chandos  Avenue,  Oakleigh  Park,  London,  N. 
Barclay,  G.  W.  W.,  M.A.,  Raeden  House,  Aberdeen  30 

Bardswell,  Noel  Dean,  M.D.,  M.R.  C.P.  Ed.  and  Lond. , King  Edward  VII  Sana- 
torium, Midhurst 

* Barkla,  Charles  Glover,  D.Sc.,  F.R.S.,  Professor  of  Natural  Philosophy  in  the 

University  of  Edinburgh,  Littledene,  34  Priestfield  Road,  Edinburgh 
Barnes,  Henry,  M.D.,  LL.D.,  6 Portland  Square,  Carlisle 

Barr,  Sir  James,  M.  D.,  LL.D.,  F.R.  C. P.  Lond.,  72  Rodney  Street,  Liver- 
pool 

Barrett,  Sir  William  F.,  F.  R.S. , M.R.I.A. , formerly  Professor  of  Physics,  Royal 
College  of  Science,  Dublin,  31  Devonshire  Place,  London,  W.  1 35 

Bartholomew,  J.  G.,  LL.D.,  F. R. G.S.,  The  Geographical  Institute,  Duncan 
Street,  Edinburgh 

Barton,  Edwin  II.,  D.Sc.,  F.R.S.,  A.M. Inst.E.  E. , F. P.S.L.,  Professor  of  Experi- 
mental Physics,  University  College,  Nottingham 

* Baxter,  William  Muirliead,  Glenalmond,  Sciennes  Gardens,  Edinburgh 

Beard,  Joseph,  F.R.C.S.  (Edin.),  M.R.C.S.  (Eng.),  L.  R.C.P.  (Lond.),  D.P.H. 
(Camb. ),  Medical  Officer  of  Health  and  School  Medical  Officer,  City  of 
Carlisle,  8 Carlton  Gardens,  Carlisle 

Beare,  Thomas  Hudson,  B.Sc.,  M.  Inst.  C.E.,  J.P.,  Professor  of  Engineering  in) 
the  University  of  Edinburgh  40 1 

* Beattie,  John  Carruthers,  D.Sc.,  Vice-Chancellor  and  Principal,  The  University, 

Cape  Town 

Beck,  Sir  J.  H.  Meiring,  Kt.,  M.D.,  M.R.C.P.E.,  Drostdy,  Tulbagh,  Cape 
Province,  South  Africa 

Becker,  Ludwig,  Ph.D.,  Regius  Professor  of  Astronomy  in  the  University  of 
Glasgow,  The  Observatory,  Glasgow 

Beddard,  Frank  E.,  M.A.  Oxon.,  F. R.S.,  Prosector  to  the  Zoological  Society  of 
London,  Zoological  Society’s  Gardens,  Regent’s  Park,  London 
Begg,  Ferdinand  Faithfull,  46  Saint  Aubyns,  Hove,  Sussex  45 

Bell,  John  Patrick  Fair,  F. Z.S.,  Ful forth,  Witton  Gilbert,  Durham 

* Bell,  Robert  John  Tainsh,  M.A.,  D.Sc.,  Lecturer  in  Mathematics  in  the  University 

of  Glasgow,  146  Hyndland  Road,  Glasgow 
Bell,  Walter  Leonard,  M.D. Edin.,  F.S.A.Scot.,  123  London  Road,  North 
Lowestoft,  Suffolk 

Bernard,  J.  Mackay,  of  Dunsinnan,  B.Sc.,  Dunsinnan,  Perth 
Berry,  Sir  George  A.,  M. D. , C.M.,  F.R.C.S.,  31  Drumsheugh  Gardens,  Edin- 
burgh 50 

Berry,  Richard  J.  A.,  M.D. , F.R.C.S.E.,  Professor  of  Anatomy  in  the  University 
of  Melbourne,  Victoria,  Australia 

* Beveridge,  Erskine,  LL.D.,  St  Leonards  Hill.  Dunfermline 

Birch,  De  Burgh,  C.B.,  M.D.,  Professor  of  Physiology  in  the  University  of  Leeds, 

8 Osborne  Terrace,  Leeds 

* Black,  Frederick  Alexander,  Solicitor,  59  Academy  Street,  Inverness 

Black,  John  S.,  M.A.,  LL.D.,  125  St  James’  Court,  London,  S.  W.  1 55  | 

* Blaikie,  Walter  Biggar,  LL.D.,  The  Loan,  Colinton 

* Bles,  Edward  J.,  M.A.,  D.Sc.,  Elterholm,  Cambridge 

* Blight,  Francis  James,  Chairman  and  Managing  Director  of  Charles  Griffin  & 

Co.,  Ltd.,  Publishers,  Tregenna,  Wembley,  Middlesex 
Bolton,  Herbert,  M.Sc.,  F.G.S.,  F.Z.S.,  Director  of  the  Bristol  Museum  and  Art 
Gallery,  Bristol 


Service  on 
Council,  etc. 

1888-91. 


1915-18. 


1909-12. 


1907-09. 
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1916- 
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1916-18. 

Cur. 

1906-16. 

1914-17. 
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C. 


C. 


c. 


c. 


c. 


c. 

K.  B. 


* Boon,  Alfred  Archibald,  D.Sc.,  Assistant  Professor  of  Chemistry,  Heriot-Watt 

College,  Edinburgh  60 

Bottomley,  J.  Thompson,  M.A.,  D.Sc.,  LL.D. , F.R.S. , F.C.S.,  13  University 
Gardens,  Glasgow 

Bower,  Frederick  Q.,  M.A.,  D.Sc.,  F.R.S.,  F.L.S.,  Regius  Professor  of  Botany 
in  the  University  of  Glasgow,  1 St  John’s  Terrace,  Hillhead,  Glasgow 

Bowman,  Frederick  Hungerford,  D.Sc.,  F. C.S.  (Lond.  and  Berk),  F.IC. , 
A.Inst.C.E.,  A.Inst.M.E.,  M.Inst.E.E.,  etc.,  77  Acomb  Street,  Whitworth 
Park,  Manchester 

Bradbury,  J.  B.,  M.  D.,  Downing  Professor  of  Medicine,  University  of 
Cambridge 

Bradley,  Francis  Ernest,  M.A.,  M.Com.,  LL.D.,  Barrister-at-Law,  Examiner  to 
the  Council  of  Legal  Education,  Bank  of  England  Chambers)  Tib  Lane, 
Manchester  65 

* Bradley,  O.  Charnock,  M.D.,  D.Sc.,  Principal,  Royal  Dick  Veterinary  College,/ 

Edinburgh  | 

Bramwell,  Byrom,  M.D.,  F.R.C.P.E.,  LL.D.,  23  Drumsheugh  Gardens,  Edin- 
burgh 

* Bramwell,  Edwin,  M.B.,  F.R.C.P.E.,  F.R.C.P.  Lond.,  24  Walker  Street,  Edin- 

burgh 

* Bremner,  Alexander,  M.  A.,  D.Sc.,  Headmaster,  Demonstration  School,  Training 

Centre,  Aberdeen,  13  Belgrave  Terrace,  Aberdeen 
Bridger,  Adolphus  Edward,  M.D.  (Edin.),  F.R.C.P.  (Edin.),  B.Sc.  (Paris),  B.L. 
(Paris),  Foley  Lodge,  Langham  Street,  London,  W.  70 

* Briggs,  Henry,  D.Sc.,  A.R.S.M. , Lecturer  in  Mining,  Heriot-Watt  College, 

Allermuir,  Liberton,  Midlothian 

Bright,  Charles,  M.Inst.C.E.,  M.Inst.E.E.,  F.R.A.S.,  F.G.S.,  Consulting 
Engineer  to  the  Commonwealth  of  Australia,  The  Grange,  Leigh,  Kent,  and 
Members’  Mansions,  Victoria  Street,  London,  S.W. 

Brock,  G.  Sandison,  M.D.,  6 Corso  d’ltalia,  Rome,  Italy 

* Brodie,  W.  Brodie,  M.  B.,  Thaxted,  Dunmow,  Essex 

Brown,  Alexander,  M.  A.,  B.Sc.,  Professor  of  Applied  Mathematics,  The  University, 
Cape  Town  75 


Brown,  Alex.  Crum,  M.A.,  M.D.,  D.Sc.,  F.R.C. P.E. , LL.D.,  F. R.S.,  Emeritus 
Professor  of  Chemistry  in  the  University  of  Edinburgh,  8 Belgrave  Crescent, 
Edinburgh 


C. 

C. 

B.  C. 

C.  N. 
C.  K. 
C.  K. 


* Brown,  David,  F.C.S.,  F.I.C.,  J.P.,  Willowbrae  House,  Willowbrae  Road, 

Edinburgh 

* Brown,  David  Rainy,  Chemical  Manufacturer’  (J.  F.  Macfarlan  & Co.), 

93  Abbeyhill,  Edinburgh 

Brown,  J.  J.  Graham,  M.D.,  F. R.C.P.E  , 3 Chester  Street,  Edinburgh 
Brown,  J.  Macdonald,  M.D.,  F.R.C.S. , 64  Upper  Berkeley  Street,  Portman 
Square,  London,  W.  80 

* Brownlee,  John,  JV1.A.,  M.D.,  D.Sc.,  Medical  Research  Committee,  Statistical 

Department,  34  Guildford  Street,  Russell  Square,  London,  W.C, 

* Bruce,  Alexander  Ninian,  D.Sc.,  M.D.,  8 Ainslie  Place,  Edinburgh 

* Bruce,  William  Speirs,  LL.  D.,  Director  of  the  Scottish  Oceanographical  Laboratory, 

Edinburgh,  Antarctica,  Joppa,  Midlothian 

* Bryce,  T.  H.,  M.A.,  M.D.  (Edin.),  Professor  of  Anatomy  in  the  University  of 

Glasgow,  2 The  University,  Glasgow 

Buchanan,  John  Young,  M.A.,  F.R.S. , 26  Norfolk  Street,  Park  Lane,/ 
London,  W.  85  1 

Bunting,  Thomas  Lowe,  M.D. , 27  Denton  Road,  Scotswood,  Newcastle- 
on -Tyne 

* Burgess,  A.  G.,  M.A.,  Rector  of  The  Academy,  Rothesay,  Blythswood,  Rothesay 
Burnet,  Sir  John  James,  Architect,  18  University  Avenue,  HLlhead, 

Glasgow 
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\ 
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C. 

C. 


C.  N 
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c. 


c. 

y.  j 
c. 

c. 
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Burns,  Rev.  T.,  D.D.,  F.S.A.  Scot.,  Minister  of  Lady  Glenorchy’s  Parish  Church, 
Croston  Lodge,  Chalmers  Crescent,  Edinburgh 

* Burnside,  George  Barnhill,  Admiralty  Experimental  Station,  Shandon,  Dum- 

bartonshire 90 

* Butchart,  Raymond  Keiler,  B.Sc.,  University  College,  Dundee,  8 Martin  Street, 

Maryfield,  Dundee 

* Butters,  J.  W. , M.A. , B.Sc.,  Rector  of  Ardrossan  Academy 
Cadell,  Henry  Moubray,  of  Grange,  B.Sc.,  Linlithgow 

* Calderwood,  Rev.  Robert  Sibbald,  Minister  of  Cambuslang,  The  Manse,  Cambuslang, 

Lanarkshire 

Calderwood,  W.  L.,  Inspector  of  Salmon  Fisheries  of  Scotland,  South  Bank,  Canaan 
Lane,  Edinburgh  95 

Cameron,  James  Angus,  M.D.,  Medical  Officer  of  Health,  Firhall,  Nairn 
; Cameron,  John,  M.D.,  D.Sc.,  M.R.C.S.  Eng.,  Dalhousie  University,  Halifax, 
Nova  Scotia 

! * Campbell,  Charles  Duff,  Scottish  Liberal  Club,  Princes  Street,  Edinburgh 

* Campbell,  John  M.,  L. D.S.  (Glas.),  D.D.S.  (Toronto),  L.D.S.  (Ontario),  180 

Hyndland  Road,  Glasgow,  W. 

. * Campbell,  Robert,  D.Sc.,  Lecturer  in  Petrology,  University  of  Edinburgh,  7 
Muirend  Avenue,  Juniper  Green,  Midlothian  100 

* Carlier,  Edmund  W.  W. , M.D.,  M.Sc. , F.E.S.,  Professor  of  Physiology,  University, 

Birmingham 

Carnegie,  David,  M.Inst.C.E.,  M.Inst.Mech.E.,  M.I.S.Inst.,  17  Eglinton  Road, 
Plumstead,  London,  S.E. 

! * Carse,  George  Alexander,  M.  A. , D.Sc. , Lecturer  on  Natural  Philosophy,  University 
of  Edinburgh,  3 Middleby  Street,  Edinburgh 
Carslaw,  H.  S.,  M.A. , D.Sc.,  Professor  of  Mathematics  in  the  University  of 
Sydney,  New  South  Wales 

Carter,  Joseph  Henry,  F.R.C.Y.S.,  Stone  House,  Church  Street,  Burnley, 
Lancashire  105 

* Carter,  Wm.  Allan,  O.B.E.,  M.Inst.C.E.,  Stamford  Hall,  Gullane 

Carus- Wilson,  Cecil,  F.R.G.S.,  F.G.S.,  Waldegrave  Park,  Strawberry  Hill, 
Middlesex,  and  Sandacres  Lodge,  Parkstone-on-Sea,  Dorset 
Cavanagli,  Thomas  Francis,  M.D.,  The  Hospital,  Bella  Coola,  B.C. , Canada 
Cay,  W.  Dyce,  M.Inst.C.E.,  Junior  Carlton  Club,  Pall  Mall,  London,  S.W.  1 
Chatham,  James,  Actuary,  7 Belgrave  Crescent,  Edinburgh  110 

Chaudhuri,  Banawari  Lai,  B.A.  (Cab),  B.Sc.  (Fdin.),  Assistant  Superintendent, 
Natural  History  Section,  Indian  Museum,  120  Lower  Circular  Road,  Calcutta, 
India 

Cliiene,  John,  C.B. , M.D.,  LL.D.,  F.R.CS.E.,  Emeritus  Professor  of  Surgery  in  ( 
the  University  of  Edinburgh,  Barnton  Avenue,  Davidson’s  Mains  1 

Clark,  John  B.,  M.A.,  Head  Master  of  Heriot’s  Hospital  School,  Lauriston, 
Garleffin,  Craiglea  Drive,  Edinburgh 

* Clark,  William  Inglis,  D.Sc.,  29  Lauder  Road,  Edinburgh 

* Clarke,  William  Eagle,  LL.D.,  F. L.S.,  Keeper  of  the  Natural  History  Collections 

in  the  Royal  Scottish  Museum,  Edinburgh,  35  Braid  Road  Edinburgh  115 
Clayton,  Thomas  Morrison,  M. D. , D. Hy.,  B.Sc.,  D.P.H.,  Medical  Officer  of 
Health,  Gateshead,  13  The  Crescent,  Gateshead- on-Tyne 
| * Cleghorn,  Alexander,  M.Inst.C.E. , Marine  Engineer,  14  Hatfield  Drive,  Kelvinside, 
Glasgow 

Coker,  Ernest  George,  M.A.,  D.Sc.,  F.R.S.,  M.Inst.C.E.,  Professor  of  Civil  and 
Mechanical  Engineering,  University  of  London,  University  College,  Gower 
Street,  London,  W.C. 

Coles,  Alfred  Charles,  M.D. , D.Sc.,  York  House,  Poole  Road,  Bournemouth,  W. 

! Collie,  John  Norman,  Ph.D.,  D.Sc.,  LL.D.,  F.R.S.,  F.C.S.,  F.I.C.,  F.R.G.S., 
Professor  of  Organic  Chemistry  in  the  University  College,  Gower  Street, 
London  120 

* Colquhoun,  Walter,  M.A.,  M.B.,  18  W aimer  Crescent,  Ibrox,  Glasgow 

* Comrie,  Peter,  M.A. , B.Sc.,  Head  Mathematical  Master,  Boroughmuir  Junior 

Student  Centre,  19  Craighouse  Terrace,  Edinburgh 
Connan,  Daniel  M.,  M.A. 

* Corrie,  David,  F.C.S.,  Nobel’s  Explosives  Company,  Polmont,  Stirlingshire 

* Coutts,  William  Barron,  M.A.,  B.Sc.,  33  Dalhousie  Terrace,  Edinburgh,  Royal 

Garrison  Artillery,  Ordnance  College,  Woolwich,  London.  S.E.  125 

j * Cowan,  Alexander  C. , Papermaker,  Valleyfield  House,  Penicuik,  Midlothian 
Craig,  E.  H.  Cunningham,  B.A.  (Cambridge),  Geologist  and  Mining  Engineer, 
The  Dutch  House,  Beaconsfield 


Service  on 
Council,  etc. 


1911-14 


1884-86, 

1904-06. 


Date  of 

Election. 

1908 

1875 

1903 

1870 

1916 

1886 

1914 

1917 

1898 

1904 

1885 

1884 

1917 

\ 

1894 

1869 

1905 

1906. 

1884 

1888 

1876 

1885 

1897 

1904 

1881 

1918 

1905 

1882 

1918 

1910 

1908 

1901 

1917 

1904 

1903 
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Craig,  James  Ireland,  M.  A.,  B.A.,  Controller  of  the  Department  of  General 
Statistics,  14  Abdin  Street,  Cairo:  The  Koubbeh  Gardens,  near  Cairo, 
Egypt 

Craig,  William,  M.D.,  F.R.C.S.E.,  Lecturer  on  Materia  Medica  to  the  College  of 
Surgeons,  71  Bruntsfield  Place,  Edinburgh 
Crawford,  Lawrence,  M.  A.,  D.Sc. , Professor  of  Pure  Mathematics,  The  University, 
Cape  Town  130 

Crichton-Browne,  Sir  Jas. , M.D.,  LL. D.,  D.Sc.,  F.R.S.,  Lord  Chancellor’s 
Visitor  and  Vice-President  and  Treasurer  of  the  Royal  Institution  of 
Great  Britain,  45  Hans  Place,  S.  W.,  and  Royal  Courts  of  Justice,  Strand, 
London 

* Crombie,  James  Edward,  M.A.,  LL.D.,  Millowner,  Parkhill  House,  Dyce, 

Aberdeenshire 

Croom,  Sir  John  Halliday,  M.  D.,  F.R.  C.  P.E. , Professor  of  Midwifery  in  the 
University  of  Edinburgh,  late  President,  Royal  College  of  Surgeons,  Edin- 
burgh, 25  Charlotte  Square,  Edinburgh 

* Cumming,  Alexander  Charles,  D.Sc.,  O.  B.E. , Lecturer  in  Chemistry,  University, 

Edinburgh,  2 Relugas  Road,  Edinburgh 

'‘Cunningham,  Brysson,  D.Sc.',  B.E.,  M.Inst.C.E.,  Civil  Engineer,  16  Beechwood 
Koad,  Sanderstead,  Surrey  135 

* Currie,  James,  M.A.  Cantab.  (Treasurer),  Larkfield,  Goldenacre,  Edin- / 

burgh  \ 

* Cuthbertson,  John,  Secretary,  West  of  Scotland  Agricultural  College,  6 Charles 

Street,  Kilmarnock 

Daniell,  Alfred,  M.A.,  LL.B.,  D.Sc.,  Advocate,  The  Athenaeum  Club,  Pall  Mall, 
London 

Davy,  R. , F.R.C.S.  Eng.,  Consulting  Surgeon  to  Westminster  Hospital,  Burstone 
Manor,  Bow,  North  Devon 

* Day,  T.  Cuthbert,  Partner  of  the  firm  of  Hislop  & Day,  36  Hillside  Crescent, 

Edinburgh  140 

Denny,  Sir  Archibald,  Bart.,  LL.D.,  Cardross  Park,  Cardross,  Dumbarton- 
shire 

Dewar,  Sir  James,  Ivt. , M.A. , LL.D.,  D. C. L.,  D.Sc.,  F. R.S. , V. P. C. S.,  Jacksonian 
Professor  of  Natural  and  Experimental  Philosophy  in  the  University  of 
Cambridge,  and  Fullerian  Professor  of  Chemistry  at  the  Royal  Institution  of 
Great  Britain,  London 

* Dewar,  James  Campbell,  C.  A.,  27  Douglas  Crescent,  Edinburgh 

* Dewar,  Thomas  William,  M. D.,  F.R.C.P. , Kincairn,  Dunblane 

Dickson,  the  Right  Plon.  Charles  Scott,  Lord  Justice-Clerk,  K.C. , LL.D.,  22 
Moray  Place,  Edinburgh  145 

Dickson,  Henry  Newton,  M.  A. , D.Sc.,  C.B.E.,  160  Castle  Hill,  Reading 
Dickson,  J.  D.  Hamilton,  M.A. , Senior  Fellow  and  formerly  Tutor,  St  Peter’s 
College,  Cambridge 

Dixon,  James  Main,  M.A.,  Litt.  Hum.  Doctor,  Professor  of  English,  University 
of  Southern  California,  University  Avenue,  Los  Angeles,  California, 
U.S.A. 

* Dobbie,  James  Bell,  F. Z.S.,  12  South  Inverleith  Avenue,  Edinburgh 

* Dobbie,  Sir  James  Johnston,  Kt.,  M.A.,  D.Sc.,  LL.D.,  F.R.S.,  Principal  of 

the  Government  Laboratories,  London,  4 Vicarage  Gate,  Kensington, 
London,  W.  150 

Dobbin,  Leonard,  Ph.D. , Lecturer  on  Chemistry  in  the  University  of  Edinburgh,  J 
6 Wilton  Road,  Edinburgh  \ 

* Dodd,  Alexander  Scott,  B Sc. , F.I.C.,  F.C.S.,  City  Analyst  for  Edinburgh,  20 

Stafford  Street,  Edinburgh 

* Donaldson,  Rev.  Wm.  Galloway,  F.R.G.S.,  F.E.I.S.,  The  Manse,  Forfar 
Dott,  David  B.,  F.  I.  C.,  Memb.  Pharm.  Soc. , Ravenslea,  Musselburgh 

* Douglas,  Carstairs  Cumming,  M.D. , D.Sc.,  Professor  of  Medical  Jurisprudence 

and  Hygiene,  Anderson’s  College,  Glasgow,  2 Royal  Crescent,  Glasgow  155 

* Douglas,  Loudon  MacQueen,  Author  and  Lecturer,  29  W.  Saville  Terrace,  Newing- 

ton, Edinburgh 

Drinkwater,  Harry,  M.D.,  M.R.C.S.  (Eng.),  F.L.S.,  Lister  House,  Wrexham, 
North  Wales 

* Drinkwater,  Thomas  W.,  L.R.C.  P.E.,  L.  R.C.S.E.,  Chemical  Laboratory,  Sur- 

geons’ Hall,  Edinburgh 

* Dron,  Robert  W. , A.  M.  Inst.  C.E.,  65  Renfield  Street,  Glasgow 

* Dunlop,  William  Brown,  M.A.,  4a  St  Andrew  Square,  Edinburgh  160 

Dunstan,  John,  M.R.C.  V.S.,  Inversnaid,  Liskeard,  Cornwall 


Service  on 
Council,  etc. 


Treas. 

1906- 


1872-74. 


1905-08. 

1904-07, 
1913-  16. 


17 
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Date  of 
Election. 

1892 
1906 

1893 
1904 
1904 
1875 

1906 

1897 

1884 

1879 

1902 

1878 

1900 

1910 

1875 

1907 

1888 

1883 

1899 

1907 

1904 

1898 

1899 

1911 

1906 

1900 

1872 

1892 

1910 

1896 

1915 

1867 

1914 

1891 

1891 

1907 


Proceedings  of  the  Royal  Society  of  Edinburgh. 


c. 

c. 


c. 

c. 

C.  N, 


c. 

c. 


c. 

c. 

c. 


C.  N. 


c. 

K.  B. 


Dunstan,  M.  J.  R. , M.  A.,  F.I.C. , F. C.S.,  Principal,  South-Eastern  Agricultural 
College,  Wye,  Kent 

Dyson,  Sir  Frank  Watson,  Kt.,  M.A.,  LL.D.,  F.R.S.,  Astronomer  Royal,  Royal 
Observatory,  Greenwich 
Edington,  Alexander,  M.  D. , Howick,  Natal 

* Edwards,  John,  4 Great  Western  Terrace,  Kelvinside,  Glasgow  165 

* Elder,  William,  M.D.,  F.R.C. P.E.,  4 John’s  Place,  Leith 

Elliot,  Daniel  G. , American  Museum  of  Natural  History,  Central  Park  West, 
New  York,  N.Y.,  U.S.A. 

* Ellis,  David,  D.Sc.,  Ph.D. , Lecturer  in  Botany  and  Bacteriology,  Glasgow  and 

West  of  Scotland  Technical  College,  Glasgow 

* Erskine- Murray,  James  Robert,  D.Sc.,  c/o  A.  P.  Melville,  Esq.,  W.S.,  10  Albyn 

Place,  Edinburgh 

Evans,  William,  F.F.A.,  38  Morningside  Park,  Edinburgh  170 

Ewart,  James  Cossar,  M.  D.,  F.R.C.  S.E. , F.R.S.,  F.Z.S.,  Regius  Professor  of 
Natural  History,  University  of  Edinburgh,  Craigybield,  Penicuik,  Mid-v 
lothian 

* Ewen,  John  Taylor,  B.Sc.,  M.I.Mech.E.,  H.M.  Inspector  of  Schools,  104  King’s 

Grotto  Aberdeen 

Ewing,  Sir  James  Alfred,  K.C.B.,  M.A.,  B.Sc.,  LL.D.,  M.Inst.C.E.,  F.R.S.,  J.P., 
Principal  of  the  University  of  Edinburgh,  formerly  Director  of  Naval 
Education,  Admiralty,  16  Moray  Place,  Edinburgh 
Eyre,  John  W.  H.,  M.D.,  M.S.  (Dunelm),  D.  P.  H.  (Camb.),  Guy’s  Hospital 
(Bacteriological  Department),  London 

* Fairgrieve,  Mungo  M‘Cailum,  M.A.  (Glasg.),  M.A.  (Cambridge),  Master  at  the 

Edinburgh  Academy,  37  Queen’s  Crescent,  Edinburgh  175 

Fairley,  Thomas,  Lecturer  on  Chemistry,  8 Newton  Grove,  Leeds 
Falconer,  John  Downie,  M.A.,  D.Sc.,  F.G.S.,  Lecturer  on  Geography,  The 
University,  Glasgow 

Fawsitt,  Charles  A.,  Coney  Park,  Bridge  of  Allan 

Felkin,  Robert  W.,  M.D.,  F.R.G.S. , Whare  Ra,  Havelock  North,  Hawk’s  Bay, 
New  Zealand 

* Fergus,  Andrew  Freeland,  M.D.,  22  Blythswood  Square,  Glasgow  180 

* Fergus,  Edward  Oswald,  12  Clairmont  Gardens,  Glasgow 

* Ferguson,  James  Haig,  M.D.,  F.R.  C.P.E. , F.  R.C.S.E.,  7 Coates  Crescent, 

Edinburgh 

* Findlay,  Sir  John  R.,  M.A.  Oxon.,  K.B.E.,  3 Rothesay  Terrace,  Edinburgh 

* Finlay,  David  W.,  B.A.,  M.D.,  LL.D.,  F.R.C. P.,  D.P.H.,  Emeritus  Professor  of 

Medicine  in  the  University  of  Aberdeen,  Honorary  Physician  to  His  Majesty 
in  Scotland,  23  Dundonald  Road,  Glasgow,  W. 

Fleming,  John  Arnold,  F.C. S.,  etc.,  Pottery  Manufacturer,  136  Glebe  Street,  St 
Rollox,  Glasgow  185 

* Fleming,  Robert  Alexander,  M.A.,  M.D.,  F.R.C.P.E.,  Assistant  Physician,  Royal 

Infirmary,  10  Chester  Street,  Edinburgh 

* Flett,  John  S.,  M.A.,  D.Sc.,  LL.D.,  F.R.S.,  O.B.E.,  Director  of  the  Geological 

Survey  of  Scotland,  33  George  Square,  Edinburgh 
Forbes,  Professor  George,  M.A.,  M.Inst.C.E.,  M.Inst.E.E.,  F.R.S.,  F.R.A.S., 
11  Little  College  Street,  Westminster,  S.W. 

* Ford,  John  Simpson,  F.C.S.,  7 Corrennie  Drive,  Edinburgh 

* Fraser,  Alexander,  Actuary,  17  Eildon  Street,  Edinburgh  190 

* Fraser,  John,  M.  B.,  F.R.C.P.E.,  formerly  one  of  H.M.  Commissioners  in 

Lunacy  for  Scotland,  54  Great  King  Street,  Edinburgh 

* Fraser,  Rev.  Joseph  Robert,  U.F.  Manse,  Kinneff,  Scotland 

r 

Fraser,  Sir  Thomas  R.,  Kt. , M.D.,  LL.D.,  Sc.D.,  F.R.C.P.E.,  F.R.S.,  Emeritus 
Professor  of  Materia  Medica  in  the  University  of  Edinburgh,  Honorary  - 
Physician' to  the  King  in  Scotland,  13  Drumsheugh  Gardens,  Edinburgh 

* Fraser,  William,  Managing  Director,  Neill  & Co.,  Ltd.,  Printers,  17  Eildon  Street, 

Edinburgh 

Fullarton,  J.  H.,  M.A.,  D.Sc.,‘23  Porchester  Gardens,  London,  W*  195 

Fulton,  T.  Wemyss,  M.D.,  Scientific  Superintendent,  Scottish  Fishery  Board, 
41  Queen’s  Road,  Aberdeen 

* Galbraith,  Alexander,  Superintendent  Engineer,  Cunard  Line,  Liverpool,  93 

Trinity  Road,  Bootle,  Liverpool. 


Service  611 
Council,  etc. 


1907-10. 


1882-85, 

1904-07. 

Y-P 

1907-12. 


1888-91. 


1916- 


1870-73, 

1877-79, 

1883-86, 

1894-97. 

Y-P 

1911-16. 


Alphabetical  List  of  the  Ordinary  Fellows  of  the  Society. 


259 


Date  of 
Election 

1918 

* Galloway,  T.  Lindsay,  M.A.,  F.G.S.,  Assoc.  M.Inst.C.E.,  M.Inst.M.E.,  Coal- 
master,  Kilclirist,  Campbeltown,  Argyllshire 

1888 

C. 

Galt,  Alexander,  D.Sc. , Keeper  of  the  Technological  Department,  Royal 
Scottish  Museum,  Edinburgh,  St  Margaret’s,  Craiglockhart,  Midlothian 
Ganguli,  Sanjiban,  M.A.,  Principal,  Maharaja’s  College,  and  Director  of  Public 
Instruction,  Jaipur  State,  Jaipur,  India  200 

1901 

1899 

Gatehouse,  T.  E.,  A.M. Inst. C.E.,  M.Inst.M.E.,  M. Inst. E.E.,  Fairfield,  128  Tulse 
Hill,  London,  S.W. 

1909 

C. 

* Geddes,  Sir  Auckland  C.,  M.D.,  Ministry  of  National  Service,  Westminster, 
S.W.  1 

Geddes,  Patrick,  Professor  of  Botany  in  University  College,  Dundee,  and  Lecturer 
on  Zoology,  Ramsay  Garden,  University  Hall,  Edinburgh 

1880 

0. 

1861 

C.  B. 

Geikie,  Sir  Archibald,  O.M.,K.C.B.,  D.C.L.  Oxf.,  D.Sc.,  LL.D.,  Ph.D.,  Late\ 
Pres.  R.S.,  Foreign  Member  of  the  Reale  Accad.  Lincei,  Rome,  of  the  National 
Acad,  of  the  United  States,  of  the  Academies  of  Stockholm,  Christiania,  I 
Gottingen,  Corresponding  Member  of  the  Institute  of  France  and  of  the  f 
Academies  of  Berlin,  Vienna,  Munich,  Turin,  Belgium,  Philadelphia,  New  I 
York,  etc.,  Shepherd’s  Down,  Haslemere,  Surrey  J 

1914 

Gemmell,  John  Edward,  M.B.,  C. M.,  Hon.  Surgeon  Hospital  for  Women  and 
Maternity  Hospital  ; Hon.  Gynaecologist,  Victoria  Central  Hospital,  Liscard, 
28  Rodney  Street,  Liverpool  205 

1909 

* Gentle,  William,  B.Sc.,  12  Mayfield  Road,  Edinburgh 

1914 

* Gibb,  Brig.-Gen.  Sir  Alexander,  K.B.E.,  C.B.,  R.M.,  Civil  Engineer-in-Chief, 
Admiralty,  London,  S.W.  1 

1916 

* Gibb,  A.  W.,  D.Sc.,  Lecturer  in  Geology,  The  University,  Aberdeen,  1 Belvidere 
Street,  Aberdeen 

1910 

0. 

* Gibb,  David,  M.A. , B.Sc.,  Lecturer  in  Mathematics,  Edinburgh  University, 
15  South  Lauder  Road,  Edinburgh 

1917 

c. 

* Gibson,  Alexander,  M.B.,  Ch.B.,  F.R.C.S.  (Eng.),  Professor  of  Anatomy  in  the 
Medical  College,  Winnipeg,  Canada  210 

1912 

c. 

* Gibson,  Arnold  Hartley,  D.Sc.,  Professor  of  Engineering,  University  College, 
Dundee 

1910 

* Gibson,  Charles  Robert,  Lynton,  Mansewood,  by  Polloksliaws 

r 

1890 

Gibson,  George  A.,  M.A.,  LL.D.  (Vice-President),  Professor  of  Mathematics  f 
in  the  University  of  Glasgow,  10  The  University,  Glasgow  1 

1911 

Gidney,  Henry  A.  J.,  L.M.  and  S.  Socts.  Ap.  (Lond.),  F.R.C.S.  (Edin.),  D.P.H. 
(Camb. ),  D.  O.  (Oxford),  Army  Specialist  Public  Health,  c/o  Thomas  Cook  & 
Sons,  Ludgate  Circus,  London 

1900 

Gilchrist,  Douglas  A.,  B.Sc.,  Professor  of  Agriculture  and  Rural  Economy, 
Armstrong  College,  Newcastle-upon-Tyne  215 

1880 

Gilruth,  George  Ritchie,  Surgeon,  Springbank,  Bridge  of  Allan 

1907 

Gilruth,  John  Anderson,  M.R.C.V.S.,  D.Y.Sc.  (Melb.),  Administrator,  Govern- 
ment House,  Darwin  Northern  Territory,  Australia 

1909 

* Gladstone,  Hugh  Steuart,  M.A.,  M.B.O.U.,  F.Z.S.,  40  Lennox  Gardens,  London, 
S.W. 

Gladstone,  Reginald  John,  M.D. , F.R.C.S.  (Eng.),  Lecturer  and  Senior  Demon- 
strator of  Anatomy,  King’s  College,  University  of  London,  22  Regent’s  Park 
Terrace,  London,  N.W. 

1911 

1898 

* Glaister,  John,  M.D.,  F.R.F.P.S.  Glasgow,  D.P.H.  Camb.,  Professor  of  Forensic 
Medicine  in  the  University  of  Glasgow,  3 Newton  Place,  Glasgow  220 

1910 

Goodall,  Joseph  Strickland,  M.B.  (Lond.),  M.S.A.  (Eng.),  Lecturer  on  Physiology, 
Middlesex  Hospital,  London,  Annandale  Lodge,  Vanbrugh  Park,  Blackheath, 
London,  S.E. 

1901 

Goodwillie,  James,  M.  A.,  B.Sc.,  Liberton,  Edinburgh 

1913 

c. 

* Gordon,  William  Thomas,  M.A.,  D.Sc.  (Edin.),  B.A.  (Cantab.),  Lecturer  in 
Geology,  University  of  London,  King’s  College,  Strand,  W.C. 

1897 

Gordon-Munn,  John  Gordon,  M.D. Heigham  Hall,  Norwich 

1891 

Graham,  Richard  D.,  12Strathearn  Road,  Edinburgh  225 

1898 

c. 

* Gray,  Albert,  A.,  M.  D.,  4 Clairmont  Gardens,  Glasgow 

1883 

c. 

Gray,  Andrew,  M.A.,  LL.D.,  F.R.S. , Professor  of  Natural  Philosophy  in  the! 
University  of  Glasgow  j 

1910 

\ 

Gray,  Bruce  M‘Gregor,  C.E.,  A.M. Inst. C.E.,  Westbourne  Grove,  Selby,  Yorkshire 

1909 

c. 

* Gray,  James  Gordon,  D.Sc.,  Lecturer  in  Physics  in  the  University  of  Glasgow,  11 
The  University,  Glasgow 

Service  on 
Council,  etc. 


1869-72, 

1874-76, 

1879-82. 


1905-08, 

1912-13. 

V-P 

1917- 


1903-06. 

Y-P 

1906-09. 

1913-15. 
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Date  of 
Election. 

1918 

1910 

1886 

1897 

1905 

1906 
1905 

1910 

1899 

1907 

1911 

1888 

1916 

1911 

1911 

R 

1899 
1918 
1896 
1914 

1917 

1888 

1914 

i 

1880 

1892 

1893 

1890 

1900 

1908 
1890 
1881 

1916 
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c. 


c. 

c. 

c. 


c. 


c. 

c. 

c. 

c. 


c. 


c. 

!.  N. 


* Gray,  Wm.  Forbes,  F.S.A.  (Scot.),  Editor  and  Author,  8 Mansionhouse  Road, 

Edinburgh  • 230 

* Green,  Charles  Edward,  Publisher,  Gracemount  House,  Liberton 

Greenfield,  W.  S. , M.  D.,  F.R.  C.P.  E.,  LL.  D.,  Emeritus  Professor  of  General 
Pathology  in  the  University  of  Edinburgh,  Muir  House,  Juniper  Green, 
Midlothian 

Greenlees,  Thomas  Duncan,  M.D.  Edin. , Rostrevor,  Kirtleton  Avenue,  Weymouth, 
Dorset 

* Gregory,  John  Walter,  D.Sc. , F.  R.  S. , Professor  of  Geology  in  the  University  of 

Glasgow,  4 Park  Quadrant,  Glasgow 

Greig,  Edward  David  Wilson,  C.I.E.,  M.D.,  D.Sc.,  Major,  H.M.  Indian  Medical 
Service,  United  Service  Club,  Calcutta,  India  235 

Greig,  Sir  Robert  Blyth,  LL.D.,  F.Z.S.,  Board  of  Agriculture  for  Scotland,  29  St 
Andrew  Square,  Edinburgh 

* Grimshaw,  Percy  Hall,  Assistant  Keeper,  Natural  History  Department,  The  Royal 

Scottish  Museum,  49  Comiston  Diive,  Edinburgh 

* Guest,  Edward  Graham,  M.A.,  B.Sc.,  5 Newbattle  Terrace,  Edinburgh 

* Gulliver,  Gilbert  Henry,  D.Sc.,  A.M.I.Mecli.E.,  99  Southwark  Street,  London, 

S.E. 

! * Gunn,  James  Andrew,  M.  A.,  M.D.,  D.Sc.,  Department  of  Pharmacology,  University 
Museum,  Oxford  240 

Guppy,  Henry  Brougham,  M.B.,  Rosario,  Salcombe,  Devon 

* Guthrie,  The  Hon.  Lord,  LL.D.,  Judge  of  the  Court  of  Session,  13  Royal  Circus, 

Edinburgh 

* Guy,  William,  F R.C.S.,  L.R.C.P.,  L.D.S.Ed.,  Consulting  Dental  Surgeon,  Edin- 

burgh Royal  Infirmary ; Dean,  Edinburgh  Dental  Hospital  and  School  ; 
Lecturer  on  Human  and  Comparative  Dental  Anatomy  and  Physiology,  11 
Wemyss  Place,  Edinburgh 

Hall- Edwards,  John  Francis,  L.R.C.P.  (Edin.),  Hon.  F.  R.P.S.,  Senior  Medical 
Officer  in  charge  of  X-ray  Department,  General  Hospital,  Birmingham, 
141a  and  141b  Great  Charles  Street  (Newhall  Street),  Birmingham 
Hamilton,  Allan  M‘Lane,  M.D. , LL.D.,  Great  Barrington,  Mass.,  University  Club, 
New  York,  U.S.A.  245 

* Hardie,  P.  S.,  M.A. , B.Sc.,  Lecturer  in  Physics,  Sultania  Training  College, 

Cairo,  Egypt 

* Harris,  David  Fraser,  B.Sc.  (Bond.),  D.Sc.  (Birm. ),  M. D. , F.S.A.  Scot.,  Professor 

of  Physiology  in  the  Dalhousie  University,  Halifax,  Nova  Scotia 
Harrison,  Edward  Philip,  Ph.  D.,  Professor  of  Physics,  Presidency  College,  Uni- 
versity of  Calcutta,  The  Observatory,  Alipore,  Calcutta 

* Harrison,  John,  O.B.E.,  J.P.,  Convener  of  the  Heriot-Watt  College  Committee, 

Chairman  of  the  Edinburgh  Public  Library,  Rockville,  Napier  Road, 
Edinburgh 

Hart,  D.  Berry,  M.D.,  F.R.C.P.E.,  13  Northumberland  Street,  Edinburgh  250 
Harvey-Gibson,  Robert  John,  M.A.,  F.L.S.,  D.L.  for  the  County  Palatine  of 
Lancaster,  M.R.S.G.S.,  C.B.E.,  Professor  of  Botany,  University  of  Liverpool, 
18  Gambier  Terrace,  Liverpool 

Playcraft,  J.  Berry,  M.D.,  D.Sc.,  Professor  of  Physiology  in  the  University  College 
of  South  Wales  and  Monmouthshire,  Cardilf 

* Heath,  Thomas,  B A. , formerly  Assistant  Astronomer,  Royal  Observatory,  Edin- 

burgh, 11  Cluny  Drive,  Edinburgh 

Hehir,  Patrick,  M.D.,  F.R.C.S.E.,  M.R.C.S.,  L.R.C.P.E.,  Surgeon-Captain, 
Indian  Medical  Service,  Principal  Medical  Officer,  H.H.  the  Nizam’s  Army, 
Hyderabad,  Deccan,  India 

Helme,T.  Arthur,  M.  D.,M.  R C.P.,  M.R.C.S.,  3 St  Peter’s  Square,  Manchester  255 
Henderson,  John,  D.Sc.,  A. Inst. E.E.,  Kinnoul,  Warwick’s  Bench  Road,  Guild- 
ford, Surrey 

* Henderson,  William  Dawson,  M.A.,  B.Sc.,  Ph.D.,  Lecturer,  Zoological  Laboratories, 

University,  Bristol 

Hepburn,  David,  M.D.,  Professor  of  Anatomy  in  the  University  College  of  South 
Wales  and  Monmouthshire,  Cardiff 

Herdman,  W.  A.,  D.Sc.,  LL  D.,  F.R.S.,  Past  Pres.  L.S.,  Professor  of  Natural 
History  in  the  University  of  Liverpool,  Croxteth  Lodge,  Ullet  Road, 
Liverpool 

* Herring,  Percy  Theodore,  M.D. , F.R. C.P. Ed.,  Professor  of  Physiology,  University 

of  St  Andrews,  Hepburn  Gardens,  St  Andrews  260 

Hill,  Alfred,  M.D.,  M.R.  C.S.,  F.  I.C.,  Valentine  Mount,  Freshwater  Bay,  Isle  of 
Wight 
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* Hinxman,  Lionel  W.,  B.A.,  Geological  Survey  Office,  33  George  Sq.,  Edin- 
burgh 

Hobday,  Frederick  T.  G.,  F.R.C.V.S.,  6 Berkely  Gardens,  Kensington, 
London,  W. 

Hodgkinson,  W.  R.,  Ph.D.,  F.I.C.,  F.C.S.,  Professor  of  Chemistry  and  Physics 
at  the  Ordnance  College,  Woolwich,  89  Shooter’s  Hill  Road,  Blackheath, 
Kent 

Holland,  William  Jacob,  LL.l).  St  Andrews,  etc.,  Director  Carnegie  Institute, 
Pittsburg,  Pa.,  5545  Forbes  Street,  Pittsburg,  Pa.,  U.S.A.  265 


Horne,  John,  LL.D.,  F.R.S.,  F.G.S.,  formerly  Director  of  the  Geological  Survey  J 
of  Scotland  (President),  20  Merchiston  Gardens,  Edinburgh 

, 

Horne,  J.  Fletcher,  M.  D.,  F.  R.C.S.E.,  The  Poplars,  Barnsley 

* Horsburgh,  Ellice  Martin,  M.A.,  D.Sc. , Lecturer  in  Technical  Mathematics, 

'University  of  Edinburgh,  11  Granville  Terrace,  Edinburgh 
Houston,  Alex.  Cruikshanks,  M.B.,  C.M.,  D.Sc.,  19  Fairhazel  Gardens,  South 
Hampstead,  London,  N.W. 

* Houstoun,  Robert  Alexander,  M.A.,  Ph.D.,  D.Sc.,  Lecturer  in  Physical  Optics, 

University,  Glasgow,  45  Kirklee  Road,  Glasgow  270 

Howden,  Robert,  M.A.,  M.B.,  C.M.,  D.Sc.,  Professor  of  Anatomy  in  the  University 
of  Durham,  14  Burdon  Terrace,  Newcastle-on-Tyne 
Hoyle,  William  Evans,  M.A.,  D.Sc.,  M.R.C. S.,  Director  of  the  Welsh  National 
Museum  : Crowland,  Llandaff,  Wales 

Hume,  William  Fraser,  D.Sc.  (Loud.),  Director,  Geological  Survey  of  Egypt, 
H el  wan,  Egypt 

* Hunter,  Charles  Stewart,  L.R.  C.  P.  E. , L.R.C.S.E. , D.  P.H.,  Medical  Officer  of 

Health,  Carnoustie,  Dalhousie  Villa,  Carnoustie 
Hunter,  Gilbert  Macintyre,  M.Inst.C.E.,  M.  Inst.E.S.,  M.  Inst.M.E. , Resident 
Engineer  Nitrate  Railways,  Iquique,  Chile,  and  Maybole,  Ayrshire  275 

Hunter,  James,  F.R.C.S.E. , F.R.A.S. , Rosetta,  Liberton,  Midlothian 
Hunter,  William,  M.D.,  M.R.C.  P.L.  and  E.,  M.R.C.S.,  54  Plarley  Street, 
London 

Hyslop,  Theophilus  Bulkeley,  M.D.,  M.R.C.  P.E.,  5 Portland  Place,  London,  W. 

*' Inglis,  Robert  John  Mathieson,  A.M. Inst.C.E.,  Engineer,  Northern  Division, 
North  British  Railway,  Tantah,  Peebles 

Innes,  R.  T.  A.,  Director,  Government  Observatory,  Johannesburg, 
Transvaal  280 

* Irvine,  James  Colquhoun,  Ph.D.,  D.Sc.,  Professor  of  Chemistry,  University, 

St  Andrews 
Jack,  John  Noble 

Jack,  William,  M.  A.,  LL.D.,  Emeritus  Professor  of  Mathematics  in  the  University 
of  Glasgow 

Jackson,  Sir  John,  C.  V.O.,  LL.D.,  48  Belgrave  Square,  London 
James,  Alexander,  M.D.,  F.R.C.P.E. , 14  Randolph  Crescent,  Edinburgh  285 
*Jardine,  Robert,  M.D.,  M.R.C.S.,  F.R.F.P.S.  Glas.,  20  Royal  Crescent, 

Glasgow 

* Jeffrey,  George  Rutherford,  M.D.  (Glasg.),  F.R.C.P.  (Edin.),  etc.,  Bootham  Park 

Private  Mental  Hospital.  York 

* Jehu,  Thomas  James,  M.A.,  M.D.,  F.G.S.,  Professor  of  Geology  in  the  University 

of  Edinburgh  : 23  Great  King  Street,  Edinburgh 

* Jerdan,  David  Smiles,  M.A. , D.Sc.,  Ph.D.,  Temora,  Colin  ton,  Midlothian 

* Johnston,  Col.  Sir  Duncan  A.,  K.C.M.G.,  C.B.,  Colonel  Royal  Engineers, 

8 Lansdowne  Crescent,  Edinburgh  290 

Johnston,  Col.  Henry  Halcro,  C.B.,  late  A.M.S.,  D.Sc.,  M.D.,  F.L.S.,  Orphir 
House,  Kirkwall,  Orkney 

* Johnston,  Thomas  Nicol,  M. B.,  C.M.,  Pogbie,  Humbie,  East  Lothian 

Jones,  Francis,  M.Sc.,  Lecturer  on  Chemistry,  17  Whalley  Road,  Whalley  Range, 
Manchester 

Jones,  John  Alfred,  M.Inst.C.E.,  Fellow  of  the  University  of  Madras,  Sanitary 
Engineer  to  the  Government  of  Madras,  c/o  Messrs  Parry  & Co.,  70  Grace- 
church  Street,  London 

Kemnal,  James  Hermann  Rosenthal,  Managing  Director  and  Engineer-in-Chief 
of  Babcock  & Wilcox,  Ltd.,  Kemnal  Manor,  Chislehurst,  Kent  295 
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Kennedy,  Robert  Foster,  M.D.  (Queen’s  Univ.,  Belfast),  M. B.,  B.Ch.  (R.U.I.), 
Assistant  Professor  of  Neurology,  Cornell  University,  New  York,  20  West 
50th  Street,  New  York,  TJ.S.A. 

Kenwood,  Henry  Richard,  M.B. , Chadwick  Professor  of  Hygiene  in  the  University 
of  London,  126  Queen’s  Road,  Finsbury  Park,  London,  N. 

* Kerr,  Andrew  William,  F.S.A.  Scot.,  Royal  Bank  House,  St  Andrew  Square, 

Edinburgh 

Kerr,  Joshua  Law,  M.D. , The  Chequers,  Mittagong,  Sydney,  Australia 

* Kerr,  Walter  Hume,  M.A.,  B.Sc.,  Lecturer  on  Engineering  Drawing  and  Structural 

Design  in  the  University  of  Edinburgh  300 

Kidd,  Walter  Aubrey,  M.D. , Heatherdown,  Alum  Bay,  Freshwater,  I.  of  W. 


Kidston,  Robert,  LL.D.,  F.R.S.,  F.G.S.  ( Vice-President),  12  Clarendon  Place,  ^ 
Stirling  1 


* King,  Andrew,  M.A.,  F.  I.C.,  Assistant  to  the  Professor  of  Chemistry,  Heriot- 

Watt  College,  Edinburgh 

* King,  Archibald,  M.  A.,  B.Sc.,  formerly  Rector  of  the  Academy,  Castle  Douglas  ; 

Junior  Inspector  of  Schools,  La  Maisonnette,  Clarkston,  Glasgow 
King,  W.  F. , Lonend,  Russell  Place,  Trinity,  Leith  305 

* Kingon,  Rev.  John  Robert  Lewis,  M.A.  (Edin.  and  Cape  of  Good  Hope),  F.L.S., 

Missionary  of  the  U.  F.  Church  of  Scotland,  St  Andrew’s  Manse,  Port 
Elizabeth,  C.P.,  South  Africa 

Kintore,  The  Right  Hon.  the  Earl  of,  P.C.,  G.C. M.G.,  M.A.  Cantab.,  LL.D. 
Cambridge,  Aberdeen,  and  Adelaide,  Keith  Hall,  Inverurie,  Aberdeenshire 

* Knight,  Rev.  G.  A.  Frank,  M.A. , 5 Granby  Terrace,  Hillhead,  Glasgow 

* Knight,  James,  M.A.,  D.Sc.,  F.C.S.,  F.G.S. , Head  Master,  John  Street  Higher 

Grade  School,  Bridgeton,  Glasgow,  The  Shieling,  Uddingston,  by  Glasgow 

r 

Knott,  C.  G. , D.Sc.,  LL.D.,  Lecturer  on  Applied  Mathematics  in  the  University 
of  Edinburgh,  formerly  Professor  of  Physics,  Imperial  University,  Japan 
(Gen.  Secretary),  42  Upper  Gray  Street,  Edinburgh  3KT 
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Lang,  P.  R.  Scott,  M.A.,  B.Sc.,  Professor  of  Mathematics,  University  of  St 
Andrews 

* Lauder,  Alexander,  D.Sc.,  Lecturer  in  Agricultural  Chemistry,  Edinburgh  and 

East  of  Scotland  College  of  Agriculture,  13  George  Square,  Edinburgh 

Laurie,  A.  P. , M.A.,  D.Sc.,  Principal  of  the  Heriot-Watt  College,  Edinburgh  | 

Laurie,  Malcolm,  B.A.,  D.Sc.,  F.  L.S.,  4 Wordsworth  Road,  Harpenden,  Herts 

* Lawson,  A.  Anstrutlier,  B.Sc.,  Ph.D.,  D.Sc.,  F.L.S.,  Professor  of  Botany,  Univer- 

sity of  Sydney,  New  South  Wales,  Australia  315 

* Lawson,  David,  M.A.,  M.D.,  L.R.C.P.  and  S.E.,  Druimdarroch,  Banchory, 

Kincardineshire 

* Lee,  Gabriel  W. , D.Sc.,  Palaeontologist,  Geological  Survey  of  Scotland,  33  George 

Square,  Edinburgh 

* Leighton,  Gerald  Rowley,  M.D.,  Local  Government  Board,  125  George  Street, 

Edinburgh 

Levie,  Alexander,  F.R.C.Y.S.,  D.V.S.M.,  Veterinary  Surgeon,  Lecturer  on 
Veterinary  Science,  Veterinary  Infirmary,  12  Derwent  Street,  Derby 

* Levy,  Hyman,  M.A. , B.Sc.,  Research  Assistant,  Aeronautical  Section,  National 

Physical  Laboratory,  Teddington,  Middlesex  320 

Lewis,  Francis  John,  D.Sc.,  F.L.S.,  Professor  of  Biology,  University  of  Alberta, 
Edmonton  South,  Alberta,  Canada 

* Lidstone,  George  James,  F. F.A.,  F.I.A.,  Manager  and  Actuary  of  the  Scottish 

Widows’  Fund  Life  Assurance  Society,  8 Eglinton  Crescent,  Edinburgh 

* Lightbody,  Forrest  Hay,  53  Queen  Street,  Edinburgh 

Lindsay,  Rev.  James,  M.A.,  D.D.,  B.Sc.,  F.R.S.L.,  F.G.S.,  M.R.A.S.,  Corresponding 
Member  of  the  Royal  Academy  of  Sciences,  Letters  and  Arts,  of  Padua, 
Associate  of  the  Philosophical  Society  of  Louvain,  Annick  Lodge,  Irvine 

* Lindsay,  John  George,  M.A.,  B.Sc.  (Edin.),  Science  Master,  Royal  High  School, 

33  Lauriston  Gardens,  Edinburgh  325 
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* Linlithgow,  The  Most  Honourable  the  Marquis  of,  Hopetoun  House,  South 

Queensferry 

Liston,  William  Glen,  M.D.,  Captain,  Indian  Medical  Service,  c/oGrindlay,  Groom 
& Co.,  Bombay,  India 

* Littlejohn,  Henry  Harvey,  M.A.,  M.B.,  B.Sc.,  F.R.C.S.E.,  Professor  of  Forensic 

Medicine,  Dean  of  the  Faculty  of  Medicine  in  the  University  of  Edinburgh, 
11  Rutland  Street,  Edinburgh 

* Lothian,  Alexander  Yeitch,  M.A.,  B.Sc.,  Training  College,  Cowcaddens, 

Glasgow 

Low,  George  M.,  Actuary,  11  Moray  Place,  Edinburgh  330 

Lowe,  D.  F. , M.A..  LL.D.,  formerly  Headmaster  of  Heriot’s  Hospital  School, 
Lauriston,  19  George  Square,  Edinburgh 

Lusk,  Graham,  Ph. D.,  M.A.,  Professor  of  Physiology,  Cornell  University  Medical 
College,  New  York,  N.Y. , U.S.A. 

Mabbott,  Walter  John,  M.A.,  Rector  of  County  High  School,  Duns,  Berwickshire 
M‘Aldowie,  Alexander  M. , M. D.,  8 Holland  Road,  Cheltenham 

* Macalister,  Donald,  K.C.B.,  Principal  of  the  University  of  Glasgow,  The 

University,  Glasgow  335 

MacAlister,  Donald  Alexander,  A.R.S.M. , F.G.S.,  26  Thurloe  Square,  South 
Kensington,  London,  S.  W. 

M ‘Bride,  P.,  M.D.,  F.R.C.P.E.,  10  Park  Avenue,  Harrogate,  and  Hill  House, 
Withypool,  Dunster,  Somerset 

* M‘Cormick,  Sir  W.  S.,  M.A.,  LL.D,,  Secretary  to  the  Carnegie  Trust  for  the 

Universities  of  Scotland,  13  Douglas  Crescent,  Edinburgh 

* M'Culloch,  Rev.  James  David,  8 Armadale  Place,  Greenock 

* Macdonald,  Hector  Munro,  M.A.,  F.R.S.,  Professor  of  Mathematics,  University  of 

Aberdeen,  52  College  Bounds,  Aberdeen  340 

* Macdonald,  James  A.,  M.A.,  B.Sc.,  H.M.  Inspector  of  Schools,  Stewarton, 

Kilmacolm 

* Macdonald,  John  A.,  M.A.,  B.Sc.,  King  Edward  VII  School,  Johannesburg, 

Transvaal 

Macdonald,  The  Right  Hon.  Sir  J.  H.  A.,  P.C.,  G.C.B.,  K.C.,  LL.D.,  F.R.S.,  f 
M.Inst.E.  E.,  15  Abercromby  Place,  Edinburgh  | 

Macdonald,  William,  M.S.Agr.,  Sc.D. , Ph.D.,  D.Sc.,  Editor,  Agricultural  Journal 
of  South  Africa,  Rand  Club,  Johannesburg,  Transvaal 
Macdonald,  William  J.,  M.A.,  LL.D.,  15  Comiston Drive,  Edinburgh  345 

* MacDougall,  R.  Stewart,  M.A.,  D.Sc.,  Professor  of  Biology,  Royal  Veterinary 

College,  Edinburgh,  9 Dryden  Place,  Edinburgh 
Macewen,  Hugh  Allen,  M.B.,  Ch.  B. , D.P.H.  (Lond.  and  Camb. ),  Local 
Government  Board,  Whitehall,  London,  S.W. 

M‘Fadyean,  Sir  John,  M.B.,  B.Sc.,  LL.D.,  Principal,  and  Professor  of  Comparative 
Pathology  in  the  Royal  Veterinary  College,  Camden  Town,  London 
Macfarlane,  J.  M.,  D.Sc.,  Professor  of  Botany  and  Director  of  the  Botanic  Garden, 
University  of  Pennsylvania,  Philadelphia,  Pennsylvania,  U.S.A. 

* MacGillivray,  Angus,  C.M.,  M.D. , D.Sc.,  23  South  Tay  Street,  Dundee  350 
M'Gowan,  George,  F.I.C.,  Ph.D.,  21  Montpelier  Road,  Ealing,  Middlesex 

* MTntosh,  Donald  C. , M.A.,  D.Sc.,  3 Glenisla  Gardens,  Edinburgh 

MTntosh,  John  William,  A.R.C.V.S.,  Dollis  Hill  Farm,  Cricldewood, 
London,  N.W. 

MTntosh,  William  Carmichael,  M.D.,  LL.D.,  F.R.S.,  F.L.S.,  Emeritus  Professor  of 
Natural  History  in  the  University  of  St  Andrews,  Pres.  Ray  Society,  Nevay 
Park,  Meigle 

* Macintyre,  John,  M.D.,  179  Bath  Street,  Glasgow  355 

* M‘ Kendrick,  Archibald,  F.R.C.S.E.,  D.P.H. , L.D.S.,  11  Rothesay  Place, 

Edinburgh 


1873 


C.  B. 


M ‘Kendrick,  John  G.,  M.D.,  F.R.C.P.E. , LL.D.,  F.R.S.,  Emeritus  Professor  of. 
Physiology  in  the  University  of  Glasgow,  Maxieburn,  Stonehaven 


1912 


C. 

C. 


M'Kendrick,  Anderson  Gray,  M.B.,  Major,  Indian  Medical  Service,  Officiating 
Statistical  Officer  to  the  Government  of  India,  The  Pasteur  Institute,  Kasauli, 
India 

* M'Kendrick,  John  Souttar,  M.D.,  F.R.F.P.S.G.,  2 Buckingham  Terrace,  Hill- 
head,  Glasgow 
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w Mackenzie,  Alister,  M.A.,  M.D.,  D.P.H.,  Principal,  College  of  Hygiene  and 
Physical  Training,  Dunfermline  360 

* Mackenzie,  JohnE.,  Ph.D.,D. Sc.,  Lecturer  in  Chemistry,  University  of  Edinburgh, 

Major- Adjutant,  Q.T.  C.,  2a  Ramsay  Garden,  Edinburgh 
Mackenzie,  Robert,  M.D.,  Napier,  Nairn 

* Mackenzie,  Sir  W.  Leslie,  M.A.,  M.D.,  D.P.H.,  LL.D.,  Medical  Member  of  the 

Local  Government  Board  for  Scotland,  4 Clarendon  Crescent,  Edinburgh 

* Mackie,  Wm,,  M.A.,  M.D.,  D.P  H.,  13  North  Street,  Elgin 

* MacKinnon,  James,  M.A.,  Ph.D. , Professor  of  Ecclesiastical  History,  Edinburgh 

University,  12  Lygon  Road,  Edinburgh  365 

w Mackintosh,  Donald  James,  M.Y.O.,  M.B.,  C.M.,  LL.D.,  Supt.,  Western  Infirmary, 
Glasgow 

Maclagan,  R.  C.,  M.D. , F.  R.C.  P.E.,  5 Coates  Crescent,  Edinburgh 
Maclean,  Ewan  John,  M.D.,  M.R. C. P.  Lond.,  12  Park  Place,  Cardiff 
Maclean,  Magnus,  M.A.,  D.Sc.,  M. Inst.C.E.,  M.I.E.E.,  Professor  of  Electrical 
Engineering  in  the  Royal  Technical  College,  51  Kerrsland  Terrace,  Hillhead, 
Glasgow 

*M‘Lellan,  Dugald,  M. Inst.C.E.,  District  Engineer,  Caledonian  Railway,  20 
Kingsburgh  Road,  Murrayfield,  Edinburgh  370 

*M‘Lintock,  W.  F.  P.,  D.Sc.  (Edin.),  Royal  Scottish  Museum,  Edinburgh 

* Macnair,  Peter,  Curator  of  the  Natural  History  Collections  in  the  Glasgow 

Museums,  Kelvingrove  Museum,  Glasgow 

^ Macpherson,  Rev.  Hector  Copland,  M.A.,  F.R.A.S.,  Minister  of  the  U.F.  Church 
of  Scotland,  Loudoun  United  Free  Manse,  Newmilns,  Ayrshire 
.Mahalanobis,  S.  C.,  B.Sc.,  Professor  of  Physiology,  Presidency  College,  Calcutta, 
India 

Majumdar,  Tarak  Nath,  D.P. H.  (Cal.),  L.M.S.,  F.C.S. , Health  Officer,  Calcutta, 
IY,  37  Lower  Chitpore  Road,  Calcutta,  India  375 

**  Malcolm,  Louis  William  Gunther,  M.A.  (Melbourne),  Lt.,  R.F.A.,  attached  West 
African  Frontier  Force,  Royal  Societies  Club,  St  James’s  Street,  London,  S.  W.  1 
Mallik,  Devendranath,  Sc.D.,  B.A.,  Professor  of  Mathematics,  Astronomical 
Observatory,  Presidential  College,  Calcutta,  India 
Malone)7,  William  Joseph,  M.D.  (Edin.),  Professor  of  Neurology  at  Fordham 
University,  New  York  City,  N.Y. , U.S.A. 

Marchant,  Rev.  James,  F.R.  A.S.,  F.L.S.,  Director,  National  Council  for  Promotion 
of  Race-Regeneration,  20  Bedford  Square,  London,  W.C. 

Marsden,  R.  Sydney,  M.D.,  C.M.,  D.Sc.,  D.P.H.,  Hon.  L.A.H.  Dub., 
M.R. LA.,  F. I. C. , M.O.H. , Rowallan  House,  Cearns  Road,  and  Town  Hall, 
Birkenhead  380 

* Marshall,  C.  R.,  M.D.,  M.A.,  Professor  of  Materia  Medica  and  Therapeutics, 

Medical  School,  Dundee,  Arnsheen,  Westfield  Terrace,  West  Newport,  Fife 
Marshall,  D.  H.,  M.A.,  Professor,  Union  and  Alwington  Avenue,  Kingston, 
Ontario,  Canada 

* Marshall,  F.  H.  A.,  Sc.D.,  Lecturer  on  Agricultural  Physiology  in  the  Uni- 

versity of  Cambridge,  Christ’s  College,  Cambridge 

* Martin,  Sir  Thomas  Carlaw,  LL.D.,  J.P.,  Director,  Royal  Scottish  Museum, 

18  Blackford  Road,  Edinburgh 

Masson,  George  Henry,  M.D.,  D.Sc,,  M.R.C.P.E.,  Port  of  Spain,  Trinidad, 
British  West  Indies  385 

Masson,  Orme,  D.  Sc. , F.  R.  S. , Professor  of  Chemistry  in  the  University  of  Melbourne 

* Masterman,  Arthur  Thomas,  M.A.,  D.Sc.,  Inspector  of  Fisheries,  Board  of 

Agriculture,  Whitehall,  London 

Mathews,  Gregory  Macalister,  F.L.S.,  F.Z.S.,  Foulis  Court,  Fair  Oaks,  Hants 

* Mathieson,  Robert,  F.C.S. , St  Serf  s,  Innerleithen 

Matthews,  Ernest  Romney,  A.M. Inst.C.E.,  F. G.S.,  Chadwick  Professor  of 
Municipal  Engineering  in  the  University  of  London,  University  College, 
Gower  Street,  London,  W.C.  390 

* May  lard,  A.  Ernest,  M.  B.,  B.Sc.  (Lond.),  F.R.F.P.S.  (Glasgow),  1 Windsor 

Terrace,  W.,  Great  Western  Road,  Glasgow 

* Menzies,  Alan  W.  C. , M.A.,  B.Sc.,  Ph.D.,  F.C.S.,  Professor  of  Chemistry, 

Princeton  University,  Princeton,  New  Jersey,  U.S.A. 

* Merson,  George  Fowlie,  Manufacturing  Technical  Chemist,  7 Meuse  Lane,  South 

St  Andrew  Street.  Edinburgh 

Methven,  Cathcart  W. , M. Inst.C.E.,  F.R.I.B.A.,  Durham,  Natal,  S.  Africa 
Metzler,  William  H.,  A.B.,  Ph.D.,  Corresponding  Fellow  of  the  Royal  Society 
of  Canada,  Professor  of  Mathematics,  Syracuse  University,  Syracuse,  N.Y., 
U.S.A.  395 
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Mill,  Hugh  Robert,  D. Sc.,  LL. D. , 62  Camden  Square,  London 

* Miller,  Alexander  Cameron,  M.D.,  F.S.A.  Scot.,  Craig  Linnhe,  Fort-William, 

Inverness-shire 

* Miller,  John,  M.A. , D.Sc.,  Professor  of  Mathematics,  Royal  Technical  College, 

2 North  bank  Terrace,  North  Kelvinside,  Glasgow 
Mills,  Bernard  Langley,  M.  D.,  F.R.C.S.E.,  M.R.C.S.,  D.P.H.,  Lt.-Col. 

R.A.M.C.,  formerly  Army  Specialist  in  Hygiene,  c/o  National  Provincial 
Bank,  Fargate,  Sheffield 

* Milne,  Archibald,  M.A.,  D.Sc.,  Lecturer  on  Mathematics  and  Science,  Edinburgh 

Provincial  Training  College,  108  Comiston  Drive,  Edinburgh  400 

* Milne,  C.  H. , M.A.,  Head  Master,  Daniel  Stewart’s  College,  4 Campbell  Road, 

Murray  field,  Edinburgh 

* Milne,  James  Robert,  D.Sc.,  Room  22,  Block  III.,  Admiralty,  London 
Milne,  William,  M.A. , B.Sc.,  70  Beechgrove  Terrace,  Aberdeen 

* Milroy,  T.  H.,  M.D. , B.Sc.,  Professor  of  Physiology  in  Queen’s  College,  Belfast, 

Meloyne,  Malone  Park,  Belfast 

Mitchell,  A.  Crichton,  D.Sc.,  Hon.  Doc.  Sc.  (Geneve),  formerly  Director  of  Public  f 
Instruction  in  Travancore,  India  (Curator  of  Library  and  Museum),-! 
The  Observatory,  Eskdalemuir,  Langholm,  Dumfriesshire  405 

Mitchell,  George  Arthur,  M.A.,  9 Lowther  Terrace,  Kelvinside,  Glasgow 

* Mitchell,  James,  M.A.,  B.Sc.,  Monydrain,  Lochgilphead 

Modi,  Edalji  Manekji,  D.Sc.,  LL.D.,  Litt. D. , F. C. S. , etc.,  Proprietor  and 
Director  of  Arthur  Road  Chemical  W orks,  Meher  Buildings,  Tardeo,  Bombay, 
India 

Moffat,  Rev.  Alexander,  M.A.,  B.Sc.,  Professor  of  Physical  Science,  Christian 
College,  Madras,  India 

Mond,  R.  L.,  M.A.  Cantab.,  F. C. S. , Combe  Bank,  near  Sevenoaks,  Kent  410 
Moos,  N.  A.  F.,  L.C.E.,  B.Sc.,  Professor  of  Physics,  Elphinstone  College,  and 
Director  of  the  Government  Observatory,  Colaba,  Bombay,  India 

* Morgan,  Alexander,  M.  A.,  D.Sc.,  Principal,  Edinburgh  Provincial  Training 

College,  1 Midmar  Gardens,  Edinburgh 

Morrison,  J.  T.,  M.A.,  B.Sc.,  Professor  of  Physics  and  Chemistry,  Victoria 
College,  Stellenbosch,  Cape  Colony 

Mort,  Spencer,  M.D.,  Ch.B.,  F.R.C.S.E.,  Lieut. -Col.  R.A.M.  C.,  Medical  Officer 
in  Charge,  Edmonton  Military  Hospital,  Silver  Street,  Upper  Edmonton, 
London,  N. 

Moses,  O.  St  John,  I.M.S.,  M.D.,  D.Sc.,  F.R.C.S.,  Captain,  Professor  of  Medical 
Jurisprudence,  c/o  Messrs  King,  Hamilton  & Co.,  4 and  5 Koila  Ghat  Street, 
Calcutta,  India  415 

Mossman,  R.  C.,  287  Dalkeith  Road,  Edinburgh 

* Muir,  Robert,  M.A.,  M.D.,  Se.D.,  F.R.S.,  Professor  of  Pathology,  University  of 

Glasgow,  16  Victoria  Crescent,  Dowanhill,  Glasgow 
Muir,  Sir  Thomas,  C.M.G.,  M.A.,  LL.D.,  F.R.S.,  Superintendent- General  of  ( 
Education  for  Cape  Colony,  Education  Office,  Cape  Town,  and  Elmcote,  -j 
Sandown  Road,  Rondebosch,  South  Africa 
Muirhead,  George,  Commissioner  to  His  Grace  the  Duke  of  Richmond  and  Gordon, 
K.G. , Speybank,  Fochabers 

Muirhead,  James  M.  P.,  J.P.,  F.R.S.L.,  F.S.S.,  c/o  Dunlop  Rubber  Co.,  Ltd., 
Aston  Cross,  Birmingham  420 

Mukhopadhyay,  Asutosh,  M.A.,  LL.D.,  F.R.A.S.,  M.R.I.A.,  Professor  of  Mathe- 
matics at  the  Indian  Association  for  the  Cultivation  of  Science,  77  Russa 
Road  North,  Bhowanipore,  Calcutta,  India 

Munro,  Robert,  M.A.,  M.D.,  LL.D.,  Hon.  Memb.  R.I.A.,  Hon.  Memb.  | 
Royal  Society  of  Antiquaries  of  Ireland,  Elmbank,  Largs,  Ayrshire  I 

* Murray,  Alfred  A.,  M.A.,  LL.B.,  20  Warriston  Crescent,  Edinburgh 
Musgrove,  James,  M.D.,  F.R.C.S.  Edin.  and  Eng.,  LL.D.,  Emeritus-Professor 

of  Anatomy,  University  of  St  Andrews,  The  Swallowgate,  St  Andrews 
Mylne,  Rev.  R.  S.,  M.A.,  B.C.L.  Oxford,  F.S.A.  Lond. , Great  Amw ell,  Herts  425 
Napier,  A.  D.  Leith,  M.  D.,  C.M.,  M.  R.C.P.,  28  Angas  Street,  Adelaide,  S. 
Australia 

Nash,  Alfred  George,  B.Sc.,  F. R.G.S. , C.E.,  Belretiro,  Mandeville,  Jamaica, 

W.I. 

Newman,  Sir  George,  M. D. , D.P.H. , Cambridge,  Lecturer  on  Preventive  Medicine, 
St  Bartholomew’s  Hospital,  University  of  London  : Grim’s  Wood,  Harrow 
Weald,  Middlesex 
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Nicholson,  J.  Shield,  M.A.,  D.Sc.,  Professor  of  Political  Economy  in  the J 
University  of  Edinburgh,  3 Belford  Park,  Edinburgh  j 

Nicol,  W.  W.  J. , M.A.,  D.Sc.,  15  Blacket  Place,  Edinburgh  430 

Norris,  Richard,  M. D.,  M.R.C.S.  Eng.,  3 Walsall  Road,  Birchfield,  Birming- 
ham 

Ogilvie,  F.  Grant,  C.  B.,  M.A.,  B.Sc.,  LL.D.,  Secretary  of  the  Board  of  Education 
for  the  Science  Museum  and  the  Geological  Survey,  and  Director  of  the 
Science  Museum,  15  Evelyn  Gardens,  London,  S.W. 

Oliphant,  James,  M.A. , 11  Heatlifield  Park,  Willesden  Green,  London 
Oliver,  James,  M.D.,  F. L.S.,  Physician  to  the  London  Hospital  for  Women, 
123  Harley  Street,  London,  W. 

Oliver,  Sir  Thomas,  M.D.,  LL.D.,  F.R.C.P.,  Professor  of  Physiology  in  the 
University  of  Durham,  7 Ellison  Place,  Newcastle-upon-Tyne  435 

* Orr,  Letvis  P. , F.F.A.,  Manager  of  Scottish  Life  Assurance  Co.,  14  Learmonth 

Gardens,  Edinburgh 

* Oswald,  Alfred,  Lecturer  in  German,  Glasgow  Provincial  Training  College, 

11  Nelson  Terrace,  Hill  head,  Glasgow 

Page,  William  Davidge,  F.C.S.,  F.G.S.,  M.Inst.M.E.,  10  Clifton  Dale, 

York 

Pallin,  William  Alfred,  F.R.C.V. S.,  Veterinary- Major,  Royal  Horse  Guards, 
London 

Pare,  John  William,  M.B.,  C. M.,  M.D.,  L.D.S. , Lecturer  in  Dental  Anatomy, 
National  Dental  Hospital,  9a  Cavendish  Square,  London,  W.  440 

* Paterson,  David,  F.  C.S.,  Lea  Bank,  Rosslyn.  Midlothian 

* Paterson,  Rev.  William  Paterson,  I). D.,  LL.D.,  Professor  of  Divinity,  University, 

Edinburgh,  3 Royal  Terrace,  Edinburgh 

r 

Paton,  D.  Noel,  M.D. , B.Sc.,  F.R.C.P. E.,  F. R.S.,  Professor  of  Physiology  in 
the  University  of  Glasgow  (Vice-President),  University,  Glasgow 
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1881 


C.  N. 


Paulin,  Sir  David,  Actuary,  6 Forres  Street.  Edinburgh 

Peach,  Benjamin  N.,  LL.D.,  F.R.S.,  F. G.S.,  formerly  District  Superintendent 
and  Acting  Palaeontologist  of  the  Geological  Survey  of  Scotland,  72  Grange 
Loan,  Edinburgh  445 
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* Pearce,  John  Thomson,  B.A.,  B.Sc.,  School  House,  Tranent 

Pearson,  Joseph,  D.Sc.,  F. L.S. , Director  of  the  Colombo  Museum,  and  Marine 
Biologist  to  the  Ceylon  Government,  Colombo  Museum,  Ceylon 

* Peck,  James  Wallace,  M.A.,  Chief  Inspector,  National  Health  Insurance,  Scot- 

land, 83  Princes  Street,  Edinburgh 

Peck,  Sir  William,  F.R.A.S.,  Town’s  Astronomer,  City  Observatory,  Calton  Hill, 
Edinburgh 

Peddie,  Wm. , D.Sc.,  Professor  of  Natural  Philosophy  in  University  College,  f 
Dundee,  The  Weisha,  Ninewells,  Dundee  450  \ 

Perkin,  Arthur  George,  F.  R.S. , Grosvenor  Lodge,  Grosvenor  Road,  Leeds 

* Philip,  Alexander,  M.A.,  LL.B.,  Writer,  The  Mary  Acre,  Brechin 

Philip,  Sir  R.  W.,  M.A.,  M.D. , F.R.C.P.E.,  45  Charlotte  Square,  Edin- 
burgh 

Phillips,  Charles  E.  S.,  54  Bedford  Gardens,  London,  W.  8. 

* Pilkington,  Basil  Alexander,  20  Queen’s  Avenue,  Blackhall,  Midlothian  455 

* Pinkerton,  Peter,  M.A.,  D.Sc.,  Rector,  High  School,  Glasgow,  44  Hamilton  Park 

Terrace,  Hillhead,  Glasgow 

* Pirie,  James  Hunter  Plarvey,  B.Sc.,  M.D.,  F.R.C.P.E.,  Superintendent  of  the 

Routine  Division  of  The  South  African  Institute  for  Medical  Research,  P.O. 
Box  1038,  Johannesburg,  South  Africa 

* Pirie,  James  Simpson,  Civil  Engineer,  28  Scotland  Street,  Edinburgh 
Pitchford,  Herbert  Watkins,  F.R.C.V.S. 

Prain,  Sir  David,  Lt.-Col.,  Indian  Medical  Service  (Retired),  C.M.G.,  C.I.E.,  M.A., 
M.B.,  LL.D.,  F.L.S.,  F.R.S.,  For.  Memb.  K.  Svensk.  Vetensk.  Akad.  ; Hon. 
Memb.  Soc.  Lett,  ed  Artid.  Zelanti,  Acireale  ; Pharm.  Soc.  Gt.  Britain  ; Corr. 
Memb.  K.  Bayer  Akad.  Wiss.,  etc.  ; Director,  Royal  Botanic  Gardens,  Kew, 
Surrey  460 

* Preller,  Charles  du  Riche,  M.A.,  Ph.D.,  A.M.Inst.C.E.,  M.I.E.E.,  F.G.S., 

6 1 Melville  Street,  Edinburgh 
Pressland,  Arthur  J.,  M.A.  Camb.,  Edinburgh  Academy 
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Prevost,  E.  W.,  Ph.D.,  Weston,  Ross,  Herefordshire 

Price,  Frederick  William,  M.D.,  M.R.C.P.  Edin. , Physician  to  the  Great  Northern 
Hospital,  London,  133  Harley  Street,  London,  W. 

Pringle,  George  Cossar,  M.A.,  Rector  of  Peebles  Burgh  and  County  High  School, 
Bloomfield,  Peebles  465 

Pullar,  Laurence,  Dunbarney,  Bridge  of  Earn,  Perthshire 

Purdy,  John  Smith,  M.D.,  C.M.  (Aberd.),  D.P.H.  (Camb.),  F.R.G.S.,  Chief 
Health  Officer  for  Tasmania,  Islington,  Hobart,  Tasmania 
Purves,  John  Archibald,  D.Sc. , 52  Queen  Street,  Exeter 

Rainy,  Harry,  M.A.,  M.B.,  C.M.,  F.R.C.P.Ed.,  16  Great  Stuart  Street,  Edin- 
burgh , 

Ramage,  Alexander  G. , Marchfield,  Davidson’s  Mains,  Midlothian  470 

Ramsay,  E.  Peirson,  M.R.I.A.,  F.L.S.,  C.M.Z.S.,  F.R.G.S.,  F.G.S.,  Fellow  of 
the  Imperial  and  Royal  Zoological  and  Botanical  Society  of  Vienna,  formerly 
Curator  of  Australian  Museum,  Sydney,  N.S.W.  : “Truro,”  Queensborough 
Road,  Croydon,  N.S.W. 

Ramsay,  Peter,  M. A.,  B. Sc. , Head  Mathematical  Master,  George  Watson’s 
College,  63  Comiston  Drive,  Edinburgh 

Rankin,  Adam  A.,  British  Astronomical  Association,  West  of  Scotland  Branch, 
324  Crow  Road,  Broomhill,  Glasgow,  W. 

Rankine,  John,  K.C.,  M.A.,  LL.D.,  Professor  of  the  Law  of  Scotland  in  the 
University  of  Edinburgh,  23  Ainslie  Place,  Edinburgh 
Ratcliffe,  Joseph  Riley,  M.B. , C. M.,  c/o  The  Librarian,  The  University, 
Birmingham  475 

Raw,  Nathan,  M.D,,  M.R.C.P.  (London),  B.S.,  F.R.C.S.,  D.P.H. , 66  Rodney 
Street,  Liverpool 

Readman,  J.  B. , D.Sc.,  F. C.S. , Belmont,  Hereford 

Redwood,  Sir  Boverton,  Bt.,  D.Sc.  (Hon.),  F. I.C. , F.C.S.,  A. Inst. C. E. , The 
Cloisters.  18  Avenue  Road,  Regent’s  Park,  London,  N.W. 

Rees-Roberts,  John  Vernon,  M.D.,  D.Sc.,  D.P.H.,  Barrister- at- Law.  National 
Liberal  Club,  Whitehall  Place,  London 

Reid,  George  Archdall  O’Brien,  M.B.,  C.M. , 9 Victoria  Road  South,  Southsea, 
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Sutherland,  David  W.,  M.D.,  M.R.C.P.,  Captain,  Indian  Medical  Service, 

I Tofessor of  Pathology  and  Materia  Medica,  Medical  College,  Lahore,  India 
Swithinbank,  Harold  William,  Denham  Court,  Denham,  Bucks 

* Syme,  William  Smith,  M.  D.  (Edin. ),  10  India  Street,  Glasgow 

Symington,  Johnson,  M.D.,  F.R.C.S.  E. , F.R.S.,  Professor  of  Anatomy  in  Queen’s 
College,  Belfast,  3 Chlorine  Gardens 

*Tait,  John,  D.Sc.,  M.D. , Lecturer  on  Experimental  Physiology,  University,  Edin- 
burgh 550 

* Tait,  John  W. , B.Sc.,  Rector  of  Leith  Academy,  18  Netherby  Road,  Leith 

Tait,  William  Archer,  D.Sc.,  M.Inst.C.E.,  72a  George  Street,  Edinburgh/ 
(Society’s  Representative  on  George  Heriot’s  Trust)  \ 

Talmage,  Janies  Edward,  D.Sc.,  Ph.  D.,  F.  R.  M.S.,  F.G.S.,  Professor  of  Geology, 
University  of  Utah,  Salt  Lake  City,  Utah,  U.S.A. 

Tanakadate,  Aikitu,  Professor  of  Natural  Philosophy  in  the  Imperial  University 
of  Japan,  Tokyo,  Japan 

Tatlock,  Robert  R.,  F.C.S.,  City  Analyst’s  Office,  156  Bath  Street,  Glasgow  555 

* Taylor,  James,  M.  A. , Mathematical  Master  in  the  Edinburgh  Academy 

* Taylor,  William  White,  M.A.,  D.Sc.,  Lecturer  on  Chemical  Physiology, 

University,  Edinburgh,  Park  Villa,  Liberton,  Edinburgh 
Thackwell,  J.  B.,  M.B.,  C.M.,  423a  Battersea  Park  Road,  London,  S.W 


Thompson,  D’Arcy  W.,  C.B.,  D.Litt.,  F.R.S.  (Vice-President),  Professor  of ^ 
Natural  History,  University,  St  Andrews,  44  South  Street,  St  Andrews 


* Thompson,  John  M'Lean,  M.A.,  D Sc. , Senior  Assistant  in  Botany,  University, 

Glasgow,  2 Second  Avenue,  King’s  Park,  Cathcart,  Glasgow  - - 560 

* Thoms,  Alexander,  7 Playfair  Terrace,  St  Andrews  vsi9 

Thomson,  Andrew,  M.A.,  D.Sc.,  F.I.C.,  Rector,  Perth  Academy,  Ardenlea, 

Pitcullen,  Perth 

* Thomson,  George  Ritchie,  M.B.,  C.M.,  General  Hospital,  Johannesburg,  Transvaal 
Thomson,  GeorgeS.,  F.C.S.,  Ferma  Albion,  Marculesci,  Roumania 

* Thomson,  Gilbert,  M.Inst.C.E.,  164  Bath  Street,  Glasgow  565 


Service  on 
Council,  etc. 


1885-87. 


1903-05. 


1892-93. 


1914-17, 

1918- 


1892-95, 

1896-99, 

1907-10, 

1912-15. 

V-P 

1916- 


270 

Date  of 

Election. 

1887 

1906 

1880 

1899 

1912 

1870 

1882 

1876 

1917 

1917 

1914 

1915 

1905 

1906 

1895 

1898 

1918 

1910 

1891 

1873 

1902 

1886 

1898 

1891 

1907 

1901 

1911 

1900 

1907 

1911 

1911 

1896 

1907 

1903 

1904 

1896 

1909 


Proceedings  of  the  Royal  Society  of  Edinburgh. 


Thomson,  J.  Arthur,  M.A.,  LL.  D.,  Regius  Professor  of  Natural  History  in  the 
University  of  Aberdeen 
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Andrews 

1902 

Wilson,  William  Wright,  F.R.  C.S.E. , M.R.C.  S.,  Cottesbrook  House,  Acock’s 
Green,  Birmingham 

1908 

* Wood,  Thomas,  M.D.,  Eastwood,  182  Ferry  Road,  Bonnington,  Leith 
Woodhead,  German  Sims,  M.D.,  F.R.C.P.  E. , Professor  of  Pathology  in  the 
University  of  Cambridge  620 

1886 

C. 

1884 

Woods,  G.  A.,  M.R.C.S.,  1 Hammelton  Road,  Bromley,  Kent 

1911 

* Wrigley,  Ruric  Whitehead,  B.  A.  (Cantab.),  Assistant  Astronomer,  Royal  Observa- 
tory, Edinburgh 

1890 

Wright,  Johnstone  Christie,  Conservative  Club,  Edinburgh 

1896 

* Wright,  Sir  Robert  Patrick,  Chairman  of  the  Board  of  Agriculture  for  Scotland, 
Kingarth,  Colinton,  Midlothian 

1882 

Young,  Frank  W.,  F.C.S.,  H.M.  Inspector  of  Science  and  Art  Schools, 
32  Buckingham  Terrace,  Botanic  Gardens,  Glasgow  625 

1892 

Young,  George,  Ph.D.,  “ Bradda,”  Church  Crescent,  Church  End,  Finchley, 
London,  N. 

1896 

c. 

* Young,  James  Buchanan,  M.B.,  D.Sc.,  Dalveen,  Braeside,  Liberton 

1904 

• ■ 

Young,  R.  B.,  M.A.,  D.Sc.,  F.G.S.,  Professor  of  Geology  and  Mineralogy 
in  the  South  African  School  of  Mines  and  Technology,  Johannesburg, 
Transvaal 
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LIST  OF  HONORARY  FELLOWS  OF  THE  SOCIETY 

At  January  1,  1919. 

HIS  MOST  GRACIOUS  MAJESTY  THE  KING. 

Foreigners  (limited  to  thirty-six  by  Law  I). 

Elected 

1916  Charles  Barrois,  Professor  of  Geology  and  Mineralogy,  Universite,  Lille,  France  : 41  rue 
Pascal,  Lille. 

1905  Waldemar  Christofer  Brogger,  Professor  of  Mineralogy  and  Geology,  K.  Frederiks  Universitet, 
Christiania,  Norway. 

1916  Douglas  Houghton  Campbell,  Professor  of  Botany,  Leland  Stanford  Junior  University, 
California,  U.S.A. 

1910  Hugo  de  Vries,  Professor  of  Plant  Anatomy  and  Physiology,  Lunteren,  Holland. 

1908  Emil  Fischer,  Professor  of  Chemistry,  Universitat,  Berlin,  Germany. 

1916  Marcel  Eugene  Emile  Gley,  Professor  of  Physiology,  College  de  France,  Paris,  Membre  de 
l’Academie  de  Medecine,  Paris  : 14,  rue  Monsieur  le  Prince,  Paris. 

1910  Karl  F.  von  Goebel,  Professor  of  Botany,  Universitat,  Munchen,  Germany. 

1916  Camillo  Golgi,  Professor  of  Pathology,  Universita,  Pavia.  Italy. 

1916  'William  Crawford  Gorgas,  Major-General,  Surgeon  General,  U.S.  Army,  War  Department, 
Washington 

1916  Gio.  Battista  Grassi,  Professor  of  Comparative  Anatomy,  Regia  Universita,  Roma,  Italy  : 
Via  Agostino  Depretis  N.  91,  Rome. 

1905  Paul  Heinrich  von  Groth,  Professor  of  Mineralogy,  Universitat,  Miinchen,  Germany. 

1913  George  Ellery  Hale,  Director  of  Mount  Wilson  Solar  Observatory  (Carnegie  Institution  of 
Washington),  Pasadena,  California,  U.S.A. 

1883  Julius  Hann,  Emeritus  Professor  of  Cosmical  Physics,  Universitat,  Wien,  Austria. 

1910  Jacobus  Cornelius  Kapteyn,  Professor  of  Astronomy,  Universiteit,  Groningen,  Holland. 

1897  Gabriel  Lippmann,  Professor  of  Physics,  Universite,  Paris,  France. 

1895  Carl  Menger,  Professor  of  Political  Economy,  Universitat,  Wien,  Austria : Wien  ix, 
Fuchstallerg  2,  Austria. 

1910  Albert  Abraham  Michelson,  Professor  of  Physics,  University,  Chicago,  U.S.A. 

1897  Fridtjof  Nansen,  Professor  of  Oceanography,  K.  Frederiks  Universitet,  Christiania,  Norway. 

1908  Henry  Fairfield  Osborn,  Professor  of  Zoology,  Columbia  Universit}T  and  American  Museum 
of  Natural  History,  New  York,  N.Y.,  U.S.A. 

1908  Ivan  Petrovitch  Pawlov,  Emeritus  Professor  of  Physiology,  Kais.  Inst.  Exper.  Med.,  Petrograd  : 
Wedenskaja  Strasse  4,  Petrograd,  Russia. 

1916  Edward  Charles  Pickering,  Professor  of  Practical  Astronomy  and  Director  of  the  Astronomical 
Observatory,  Harvard  College,  Cambridge,  Mass. 

1889  Georg  Hermann  Quincke,  Emeritus  Professor  of  Physics,  Bergstrasse  41,  Heidelberg, 
Germany. 

1913  Santiago  Ramon  y Cajal,  Professor  of  Histology  and  Pathological  Anatomy,  Universidad, 
Madrid,  Spain. 

1908  Magnus  Gustaf  Retzius,  Emeritus  Professor  of  Anatomy,  Hog-kolan,  Stockholm,  Sweden. 

1908  Augusto  Righi,  Professor  of  Kxperimental  Physics,  Regia  Universita,  Bologna,  Italy. 

1913  Vito  Volterra,  Professor  of  Mathematical  Physics,  Regia  Universita,  Rome,  Italy. 

1916  Eugenius  Warming,  Emeritus  Professor  of  Botany  at  the  University  of  Copenhagen  and 
Director  of  the  Botanical  Garden  : Bjerregaardsvej  5,  Copenhagen,  Valby. 

Total,  27. 

British  Subjects  (limited  to  twenty  by  Law  I). 

1916  Sir  Francis  Darwin,  Kt.,  D.Sc.,  M.B.,  F.R.S.,  Hon.  Fellow,  Christ’s  College,  Cambridge. 

1900  Sir  David  Ferrier,  Kt.,  M.A.,  M.D.,  LL.D.,  F.RS.,  Emer. -Professor  of  Neuro-Pathology, 
King’s  College,  London,  34  Cavendish  Square,  London,  W. 

1900  Andrew  Russell  Forsyth,  M.A.,  Sc.D.,  LL.D.,  Math.  D.,  F.R.S.,  Chief  Professor  of 
Mathematics  in  the  Imperial  College  of  Science  and  Technology,  London,  formerly 
Sadlerian  Professor  of  Pure  Mathematics  in  the  University  of  Cambridge,  Imperial 
College  of  Science,  London,  S.  W. 

1910  Sir  James  George  Irazer,  D.C.L.,  LL.D.,  Litt.D.,  F.B.A.,  Fellow  of  Trinity  College,  Cam- 
bridge, Professor  of  Social  Anthropology  in  the  University  of  Liverpool,  Trinity  College, 
Cambridge. 


List  of  Honorary  Fellows,  etc. 

«/ 
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Elected 

1916  James  Whitbread  Lee  Glaisher,  M.A.,  Sc.  D.,  F.R.S.,  Fellow  of  Trinity  College,  Cambridge. 

1908  Sir  Alexander  B.  W.  Kennedy,  Kt.,  LL.D.,  F.R.S.,  Past  Pres.  Inst.  C.E.,  A7,  Albany, 
Piccadilly,  London,  W. 

1913  Horace  Lamb,  M.A.,  Sc.D.,  D.Sc.,  LL.D.,  F.R.S.,  Professor  of  Mathematics  in  the 
University  of  Manchester. 

1916  John  Newport  Langley,  Sc.D.,  LL.D.,  F.R.S.,  Fellow  of  Trinity  College,  Professor  of 
Physiology  in  the  University  of  Cambridge. 

1908  Sir  Edwin  Ray  Lankester,  K.C. B.,  LL.D.,  F.R.S.,  29  Thurloe  Place,  S.  Kensington, 
London,  S.W. 

1916  Charles  Lapworth,  F.R.S.,  LL.D.,  M.Sc.,  F.G.S.,  Emeritus  Professor  of  Geology  and  Physi- 
ography in  the  University  of  Birmingham,  38  Calthorpe  Road,  Erlgbaston,  Birmingham. 

1910  Sir  Joseph  Larmor,  Kt.,  M.A.,  D.Sc.,  LL.D.,  D.C.L.,  F.R.S.,  M.P.  University  of  Cambridge 
since  1911,  Lucasian  Professor  of  Mathematics  in  the  University  of  Cambridge,  St  John’s 
College,  Cambridge. 

1900  Archibald  Liversidge,  M A.,  LL.D.,  F.R.S. , Emer.-Professor  of  Chemistry  in  the  University 
of  Sydney,  Fieldhead,  Combe  Warren,  Kingston,  Surrey. 

1916  Alexander  Macalister,  M.A.,  M.D.,  LL.D.,  F.R.S. , F.S.  A.,  Fellow  of  St  John’s  College, 
Cambridge,  Professor  of  Anatomy  in  the  University  of  Cambridge. 

1886  The  Rt.  Hon.  Lord  Rayleigh,  O.M.,  P.C.,  J.P.,D.0.L.,  LL.D.,  D.Sc.  Dub.,  F.R.S.,  Corresp. 
Mem.  Inst,  of  France,  Terling  Place,  William,  Essex. 

1916  Arthur  Schuster,  Ph. D.,  D.Sc.,  LL.D.,  D.  es  Sc.  Geneva,  Secretary  of  the  Royal  Society, 
London,  Emer.-Professor  of  Physics  in  the  University  of  Manchester. 

1908  Charles  Scott  Sherrington,  M.A.,  M.D..  LL.D.,  F.R.S.,  Way nflete  Professor  of  Physiology  in 
the  University  of  Oxford.  Phvsiological  Laboratory,  Oxford. 

1913  Sir  William  Turner  Thiselton-Dyer,  K.C.M.G.,  C.I.  K.,  M.A.,  LL.D.,  F.R.S.,  formerly 
Director  of  the  Royal  Botanic  Gardens.  Kew  : The  Ferns,  Witcombe,  Gloucester. 

1905  Sir  Joseph  John  Thomson,  D.Sc.,  LL.D.,  F.R.S.,  Cavendish  Professor  of  Experimental 
Physics,  University  of  Cambridge,  Trinity  College,  Cambridge. 

1900  Sir  Thomas  Edward  Thorpe,  Kt.,  C.  B.,  D.Sc.,  LL.D.,  F.R.S.,  formerly  Principal  of  the 
Government  Laboratories,  Imperial  College  of  Science  and  Technology,  South  Kensington, 
London,  S.W.,  Whinfield  Salcombe,  South  Devon. 

Total,  19. 
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CHANGES  IN  FELLOWSHIP  DURING  SESSION  1917-18. 


ORDINARY  FELLOWS  OF 

DAVID  BALSILLIE,  B.Sc.,  F.G.S. 

FRANCIS  JAMES  BLIGHT. 

ALEXANDER  BREMNER,  M.A.,  D.Sc. 

JOHN  M.  CAMPBELL,  L.D.S.  (Glas.  & 
Ontario),  D.D.S.  (Toronto). 

ALEXANDER  SCOTT  DODD,  B.Sc.,  F.I.C., 
F.C.S. 

T.  LINDSAY  GALLOWAY,  M.A.,  F.G.S., 
Assoc.  M.  Inst.  C.  E. , M.  Inst.  M.E. 

WM.  FORBES  GRAY,  F.S.A.Scot. 

P.  S.  HARDIE,  M.A.  (Hons.),  B.Sc. 


THE  SOCIETY  ELECTED. 

JOHN  ROBERT  LEWIS  KINGON,  M.A. 

(Edin.  & Cape  Town),  F.L.S. 

GEORGE  JAMES  LIDSTONE.  F.F.A.,  F.I.A. 
Rev.  JAMES  DAVID  MUULLOCH. 

WM.  MACKIE,  M.A.,  M.D.,  D.P.H. 
WILLIAM  PATERSON  PATERSON,  D.D., 
LL.D. 

G.  W.  TYRRELL,  A.R.C.Sc.,  F.G.S. 

Rev.  CHARLES  WHYTE,  M.A.,  F.R.A.S. 
JOHN  THOMAS  WIGHT. 


ORDINARY  FELLOWS  DECEASED. 


WILLIAM  C.  CRAWFORD,  M.A. 

W.  G.  B.  DICKINSON,  F.R.C.V.S. 
ALEXANDER  SCOTT  IRELAND,  S.S.C. 
The  Rt.  Hon.  LORD  KINNEAR,  P.C. 
E.  A.  LETTS,  Ph.D.,  F.I.C.,  F.C.S. 
KENNETH  JOHN  M'KENZIE,  M.A. 


Sir  JAMES  A.  RUSSELL,  M.A.,  B.Sc.,  M.B., 
F.R.C.P.E.,  LL.D. 

FRANK  WYVILLE  THOMSON,  M.A.,  M.B., 
C.M.,  D.P.H. , D.M.T. 

JAMES  RAMSAY  TOSH,  M.A.,  D.Sc. 
ANDREW  H.  TURNBULL. 


ORDINARY  FELLOWS  RESIGNED. 

FRANK  A.  NEWINGTON.  M.Inst.C.E., 
M.  Inst.E.E. 


JOHN  GRAHAM  KERR,  M.A.,  F.R.S. 


1917-18.]  Additions  to  Library  by  Gift  or  Purchase. 
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Additions  to  Library  by  Gift  or  Purchase. 

Allcock  (Harry),  M.I.E.E.,  A.M.I.Mech.E.  The  Decimal  System  of  Coinage, 
Weights,  and  Measures.  8vo.  1917.  ( Presented  by  Mr  R.  Cockburn 

Millar.) 

Les  Appetits  Allemands.  Conferences  organisees  par  la  Societe  de  Geo- 
graphie  dans  les  arrondissements  de  Paris.  Premiere  serie:  Les 
Ambitions  de  FAllemagne  en  Europe.  Par  MM.  Henri  Lichtenberger, 
Georges  Blondel,  etc.,  etc.  8vo.  Paris,  1918.  ( Presented .) 

Barraclough  (Prof.  S.  H.  E.).  The  War,  Australia  and  the  Engineer.  (Re- 
printed from  the  Proc.  of  the  Engineering  Association  of  N.S.  IP., 
vol.  xxx,  1914-15.)  ( Presented .) 

Basu  (M.  N.).  An  Alphabetical  Index  to  the  Classified  Catalogue  of  the 
Library  of  the  Director-General  of  Archgeology.  Pt.  I.  Author 
Index.  Pt.  II.  Subject  Index.  8vo.  Calcutta,  1917.  ( Presented  by 

the  Director-General  of  Archaeology  in  India.) 

Bibliographic  des  Travaux  Scientifiques  (Sciences  Mathematiques,  Physiques 
et  Naturelles),  publies  par  les  Societes  Savantes  de  la  France,  dressee 
par  J.  Deriiker.  Tom.  I,  3e  livraison.  4to.  Paris,  1916.  ( Presented .) 

Bland  (Miles).  Algebraical  Problems,  producing  Simple  and  Quadratic 
Equations,  with  their  Solutions.  8vo.  London,  1841. 

Geometrical  Problems  deducible  from  the  First  Six  Books  of  Euclid, 

Arranged  and  solved.  8vo.  London,  1842. 

{Both  presented  by  P.  de  Lacey  Johnstone.) 

Bolton  (Herbert).  On  Blattoid  and  other  Insect  Remains  from  the  South 
Staffordshire  Coalfield.  (Reprinted  from  the  Proceedings  of  the 
Birmingham  Natural  History  and  Philosophical  Society , vol.  xiv.) 
8vo.  Birmingham,  1917.  ( Presented  by  the  Author.) 

Insects  from  the  British  Coal  Measures.  {Quart.  Journ.  Geol.  Soc., 

vol.  Ixxii,  pt.  i,  pp.  43-62.)  8vo.  1917.  {Presented  by  the  Author.) 

Buchanan  (J.  Y.).  Comptes  Rendus  of  Observation  and  Pteasoning.  8vo. 
Cambridge,  1917.  {Presented  by  the  Author.) 

Cadell  (H  M.).  Rhymes  for  the  Times:  Kaiser  William  The  Hun,  and  His 
Place  in  the  Sun..  8vo.  1917.  {Presented  by  the  Author.) 

Cape  Peninsula  List  of  Serials  Second  edition.  8vo.  Cape  Town,  1917. 
{Presented.) 

Carnegie  Endowment  for  International  Peace.  American  Society  for 
Judicial  Settlement  of  International  Disputes.  Proceedings  of  Sixth 
National  Conference,  December  8-9,  1916.  Washington,  D.C.  4to. 
Baltimore,  1917. 

America’s  Message  to  the  Russian  People.  Addresses  by  the 

Members  of  the  Special  Diplomatic  Mission  of  the  United  States  to 
Russia  in  the  Year  1917.  8vo.  Boston,  1918.  {Presented.) 

International  Law  codified  and  its  Legal  Sanction,  or  the  Legal 

Organisation  of  the  Society  of  States.  By  Pasquale  Fiore.  (Transla- 
tion from  the  Fifth  Italian  edition,  with  an  Introduction  by  Edwin  M. 
Borchard.)  8vo.  New  York,  1918. 

— Preliminary  Economic  Studies  of  the  War.  Economic  Effects  of 

the  War  upon  Women  and  Children  in  Great  Britain.  By  Irene  O. 
Andrews  and  Margarett  A.  Hobbs.  8vo.  New  York,  1918. 
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Carnegie  Endowment  for  International  Peace.  The  Reports  to  the  Hague 
Conferences  of  1899  and  1907.  Edited,  with  an  Introduction,  by 
James  Brown  Scott.  Large  8vo.  1917. 

The  Problem  of  an  International  Court  of  Justice.  By  Dr  Hans 

Wehberg.  Translated  from  the  German  by  Charles  G.  Fenwick. 
Large  8vo.  1918. 

The  International  Union  of  the  Hague  Conferences.  By  Walther 

Schiieking.  Translated  from  the  German  by  Charles  G.  Fenwick. 
Large  8vo.  1918. 

The  Controversy  over  Neutral  Rights  between  the  United  States 

and  France,  1797-1800.  A Collection  of  American  State  Papers  and 
Judicial  Decisions.  Edited  bv  James  Brown  Scott.  8vo.  New  York, 

1917. 

The  Imperial  Japanese  Mission  to  the  United  States,  1917.  8vo. 

Washington,  1918. 

Division  of  International  Law.  Pamphlets  Nos.  1-20.  8vo. 

Washington,  1914-15. 

Year  Book,  1918.  (Division  of  Economics  and  History.)  Large 

8vo.  Washington,  1918. 

The  Five  Republics  of  Central  America.  (Division  of  Economics 

and  History.)  By  Dana  G.  Munro. 

Preliminary  Economic  Studies  of  the  War.  (Division  of  Economics 

and  History.)  Early  Economic  Effects  of  the  European  War  upon 
Canada.  Bv  Adam  Shortt. 

• Early  Effects  of  the  European  War  upon  the  Finance, 

Commerce,  and  Industry  of  Chile.  By  L.  S.  Rowe.  Large  8vo.  New 
York,  1918. 

War  Administration  of  the  Railways  in  the  United  States 

and  Great  Britain.  By  Frank  Haigh  Dixon  and  Julius  H.  Parmelee. 
Large  8vo.  New  York,  1918. 

Les  Conventions  et  Declarations  de  la  Haye  de  1899  et  1907.  Avec 

une  Introduction  de  James  Brown  Scott,  Directeur.  (Division  de 
Droit  International.)  Large  8vo.  New  York,  1918. 

The  Armed  Neutralities  of  1780  and  1800.  A Collection  of  Official 

Documents  preceded  by  the  Views  of  Representative  Publicists.  Edited 
by  James  Brown  Scott.  (Division  of  International  Law.)  Large  8vo. 
New  York,  1918. 

Une  Cour  de  Justice  Internationale.  Par  James  Brown  Scott. 

(Division  de  Droit  International.)  Large  8vo.  New  York,  1918. 

( All  the  above  presented  by  the  Carnegie  Endowment  for  Inter- 
national Peace.) 

A Catalogue  of  English  Coins  in  the  British  Museum.  The  Norman  Kings. 
By  George  Cyril  Brooke.  In  two  volumes.  8vo.  London,  1916.  , 
(. Presented  by  the  British  Museum.) 

Catalogue  of  Prehistoric  Antiquities  in  the  Indian  Museum.  By  J.  Coggin 
Brown.  (Archseological  Survey  of  India.)  8vo.  Simla,  1917.  ( Pre- 

sented.) 

Chaudhuri  (T.  C.).  Sir  Wm.  Ramsay  as  a Scientist  and  Man.  8vo. 

Calcutta,  London,  1918.  {Presented.) 

Chumley  (James).  The  Fauna  of  the  Clyde  Sea- Area.  8vo.  Glasgow, 

1918.  ( Presented  by  the  Author.) 
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1917-18.]  Additions  to  Library  by  Gift  or  Purchase. 

Collected  Papers.  No.  4.  From  the  Physiological  Department,  University 
of  Glasgow.  Edited  by  Prof.  D.  Noel  Paton.  8vo.  1918.  ( Pre- 

sented.) 

Copper  and  Zinc  Refining  in  Canada,  Report  on.  (Imperial  Munitions 
Board,  Ottawa.)  8vo.  Ottawa,  1916.  (Presented  by  David  Carnegie.) 
Cragg  (Ed.),  and  H.  Drink  water.  Hereditary  Absence  of  Phalanges 
through  Five  Generations.  (Reprint  from  Journal  of  Genetics,  vol. 
vi,  No.  2,  December  1916.)  (Presented  by  Dr  H.  Drinkwater.) 
Cunningham  (Brysson).  A Treatise  on  the  Principles  and  Practice  of 
Harbour  Engineering.  8vo.  London,  1918.  (Presented  by  the  Author 
and  Mr  F.  J.  Blight  of  Charles  Griffin  & Co.) 

Darbishire  (A.  D.).  An  Introduction  to  a Biology  and  other  Papers.  8vo. 

London,  New  York,  Toronto,  and  Melbourne,  1917.  (Purchased.) 

Du  Bocage  (Carlos  R.).  Subsidies  para  o estudo  das  Relagoes  exteriores  de 
Portugal  em  seguida  a Restaura9ao  (1640-1649).  Yol.  i.  8vo.  Lisboa, 

1916.  (Presented  by  the  Academia  das  Sciencias  de  Lisboa.) 

Dunk  (John  L.).  Hyperacoustics.  Div.  I.  Simultaneous  Tonality.  8vo. 

London  and  New  York,  1916.  (Presented) 

Egypt  Exploration  Fund:  The  Inscriptions  of  Sinai.  By  Alan  H.  Gardiner 
and  T.  Eric  Peet.  Part  I.  Introduction  and  Plates.  Fol.  London, 

1917.  (Presented.) 

Ewart  (Alfred  J.),  and  Olive  B.  Davies.  The  Flora  of  the  Northern 
Territory.  8vo.  Melbourne,  1917.  (Presented.) 

Gamble  (J.  S.).  Flora  of  the  Presidency  of  Madras.  Part  II.  Celastracese 
to  Leguminosge-Papilionatse.  8vo.  London,  1918.  (Presented.) 

Geikie  (James).  The  Great  Ice  Age.  8vo.  London,  1874.  (Purchased.) 
Gowland  (Wm.).  The  Metallurgy  of  the  Non-Ferrous  Metals.  2nd  ed. 

8vo.  London,  1918.  (Presented  by  Charles  Griffin  & Co.) 

Green  (C.  E.).  The  Cancer  Problem  : A Statistical  Study.  New  edition. 

8vo.  Edinburgh  and  London,  1917.  ( Presented  by  the  Author.) 

Guppy  (H.  B.).  Plants,  Seeds,  and  Currents  in  the  West  Indies  and 
Azores : the  Results  of  Investigations  carried  out  in  those  regions 
between  1906  and  1914.  8vo.  London,  1917.  (Presented  by  the 
Author.) 

Hampi  Ruins.  Described  and  illustrated  by  A.  H.  Longhurst.  8vo. 
Madras,  1917.  (Presented.) 

Henderson  (T.  G.).  Blindness  in  India  and  the  Possibilities  of  its  Diminu- 
tion. 8vo.  St  Leonards-on-Sea,  1917.  (Presented  by  the  Author.) 
Hornell  (James).  Report  to  the  Government  of  Baroda  on  the  Marine 
Zoology  of  Okhamandal  in  Kattiawar.  Part  II.  4to.  London,  1916. 
(Presented  by  the  Author.) 

Janet  (Charles).  Le  Volvox.  8vo.  Limoges,  1912. 

Note  preliminaire  sur  l’oeuf  du  Volvox  globator.  8vo.  Limoges, 

1914. 

Sur  la  Phylogenese  de  FOrthobionte.  8vo.  Limoges,  1916.  (Pre- 
sented by  the  Author.) 

Knibbs  (G.  H.).  Australian  Joint-Life  Tables,  1901-1910.  8vo.  Mel- 
bourne. (Presented.) 

The  Mathematical  Theory  of  Population,  etc.,  being  Appendix  A 

to  the  Census  of  the  Commonwealth  of  Australia.  Yol.  I.  Fol. 
Melbourne,  1917.  ( Presented .) 
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Lai  (Rai  Bahadur  Hira).  Descriptive  Lists  of  Inscriptions  in  the  Central 
Provinces  and  Berar.  8vo.  Nagpur,  1916.  ( Presented .) 

Linguistic  Survey  of  Burma.  Preparatory  Stage  or  Linguistic  Census. 
Fol.  Rangoon,  1917.  ( Presented  by  the  Government  of  Burma.) 

List  of  Sanskrit,  Jain  and  Plindu  Manuscripts  in  the  Sanskrit  College, 
Benares,  during  1915-1916.  8vo.  Allahabad,  1917.  ( Presented .) 

Macara  (Sir  Charles  W.).  Social  and  Industrial  Reform.  8vo.  Manchester, 
1918.  ( Presented .) 

Macfarlane  (John  M.).  The  Causes  and  Course  of  Organic  Evolution:  A 
Study  in  Bioenergics.  8vo.  New  York,  1918.  ( Presented  by  the 

Author.) 

Mackenzie  (W.  Leslie).  Scottish  Mothers  and  Children ; being  Report  on 
the  Physical  Welfare  of  Mothers  and  Children  (Scotland).  (The 
Carnegie  United  Kingdom  Trust.)  4to.  Dunfermline,  1917.  (Pre- 
sented.) 

Machado  (Virgilio).  Urosemiologia  Clinica.  8vo.  Lisboa.  (Presented  by 
the  Academia  das  Sciencias  de  Lisboa.) 

La  Magistrature  Beige  contre  le  Despotisme  Allemand.  Pages  d’Histoire 
1914-1918.  8vo.  Paris,  1918.  (Presented.) 

Marshall  (Sir  John).  A Guide  to  Sauchi.  8vo.  Calcutta,  1918  (Presented.) 

A Guide  to  Taxila.  8vo.  Calcutta,  1918.  (Presented.) 

Massart  (Jean).  La  Presse  Clandestine  dans  la  Belgique  oecupee.  8vo. 
Paris,  Nancy,  1917.  (Presented.) 

Metropolitan  Water  Board: — 

1.  Reports  on  Research  Work.  By  A.  C.  Houston. 

2.  Annual  Reports  on  the  Results  of  the  Chemical  and  Bacterio- 

logical Examination  of  the  London  Waters.  By  A.  C. 

Houston.  Fol.  London,  1908.  (Presented  by  A.  G. 

Houston.) 

Millar  (Robert  Cockburn).  Duodecimal  versus  Decimal  Notation.  8vo. 
Edinburgh,  1918.  (Presented  by  the  Author.) 

Munro  (Robert).  Comparative  Archaeology : Its  Aims  and  Methods.  (Re- 
printed from  the  Transactions  of  the  Dumfriesshire  and  Galloway 
Natural  History  and  Antiquarian  Society,  23rd  November  1917.) 
(Presented  by  the  Author.) 

Newbigin  (Marion  I.),  and  J.  S.  Flett,  James  Geikie : The  Man  and  the 
Geologist.  8 vo.  Edinburgh,  1917.  (Purchased.) 

Oberholser  (Harry  C.).  The  Great  Plains  Waterfowl  Breeding-grounds  and 
their  Protection.  (Separate  from  Year-book  of  the  Department  of 
Agriculture,  1917,  No.  723.)  (Presented.) 

Petersen  (C.  G.  Joh.).  The  Sea  Bottom  and  its  Production  of  Fish  Food. 
A Survey  of  the  Work  done  in  connection  with  Valuation  of  the 
Danish  Waters  from  1883-1917.  (Report  of  the  Danish  Biological 
Station  to  the  Board  of  Agriculture.)  4to.  Copenhagen,  1918. 

Preller  (Dr  Du  Riche).  Italian  Mountain  Geolog}^  8vo.  London,  1917. 
(Presented  by  the  Author.) 

The  Ruitor  Glacier  Lakes  (Piedmontese  Alps).  Reprinted  from 

The  Scottish  Geographical  Magazine,  vol.  xxxiv,  Sept.  1918.  (Pre- 
sented by  the  Author .) 

Publications  of  the  Members  of  the  University  of  Chicago,  1902-1916. 
Large  8vo.  Chicago,  1917.  (Presented.) 
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1917-18.]  Additions  to  Library  by  Gift  or  Purchase. 

Quarter-Centennial  Celebration  of  the  University  of  Chicago,  June  2 to 
6,  1916.  A Record  by  David  Allan  Robertson.  8vo.  Chicago, 
1918. 

Report  of  the  Proceedings  of  the  Second  Entomological  Meeting  held  at 
Pusa  on  the  5th  to  12th  February  1917.  Edited  by  T.  Bainbrigge 
Fletcher.  Large  8vo.  Calcutta,  1917,  ( Presented .) 

Ribeiro  (Victor).  Obituarios  da  Igreja  e Casa  Professa  de  sao  Roque  da 
Companhia  de  Jesus  desde  1555  ate  1704.  4to.  Lisboa,  1916.  ( Pre- 

sented by  the  Academia  das  Sciencias  de  Lisboa.) 

Rice  Institute,  the  Book  of  the  Opening  of.  Being  an  account  in  three 
volumes  of  an  Academic  Festival  held  in  celebration  of  the  formal 
opening  of  the  R.I.  4to.  Houston,  Texas.  ( Presented .) 

Righi  (Augusto).  I Fenomeni  Elettro-Atomici  sotto  V Azione  del  Magnet- 
ismo.  8vo.  Bologna,  1918.  ( Presented .) 

Rignano  (Eugenio).  Essays  in  Scientific  Synthesis.  8vo.  London,  1918. 
(. Presented  by  the  Author.) 

Ryd  (V.  H).  On  Computation  of  Meteorological  Observations.  (Publi- 
kationer  fra  det  Danske  Meteorologiske  Institut:  Meddelelser  Nr.  3.) 
8vo.  Kjqbeiihavn,  1917. 

Le  Sac  de  Dinant  et  les  Legendes  du  Livre  Blanc  Allemand  du  10  mai 
1915.  8vo.  Leyden,  1917.  ( Presented  by  & Office  de  la  Propaganda 

Beige.) 

Sastri  (H.  Krishna).  South  Indian  Images  of  Gods  and  Goddesses.  8vo. 
Madras,  1916.  ( Presented .) 

Sastri  (S.  Kuppuswami).  A Triennial  Catalogue  of  Manuscripts  collected 
for  the  Government  Oriental  Manuscripts  Library,  Madras.  Vol.  II, 
Pt.  I.  Sanskrit  A,  B,  C.  8vo.  Madras,  1917.  ( Presented .) 

Schoff  (Wilfred  H.).  The  Eastern  Iron  Trade  of  the  Roman  Empire. 
(Philadelphia  Commercial  Museum.)  8vo.  Philadelphia,  1915.  ( Pre- 

sented.) 

Science  and  Industry.  Industrial  Research  in  the  United  States  of  America. 
8vo.  London,  1917.  ( Presented  by  the  Secretary  of  the  Department 

of  Scientific  and  Industrial  Research,  London.) 

Sequeira  (G.  de  Matos).  Depois  do  Terremoto.  Vol.  I.  8vo.  Lisboa,  1916. 

(. Presented  by  the  Academia  das  Sciencias  d,e  Lisboa.) 

Snowball  (J.  C.).  The  Elements  of  Plane  and  Spherical  Trigonometry. 

8 vo.  Cambridge,  1840.  ( Presented  by  P.  de  Lacey  Johnstone.) 

Southern  India  : Its  History,  People,  Commerce,  and  Industrial  Resources. 
Compiled  by  Somerset  Payne.  4to.  London,  1914-1915.  ( Pre- 

sented.) 

Thiselton-Dyer  (Sir  W.  T.).  Morphological  Notes.  XII.  Germination  of 
Double  Coco-Nut.  (Reprint  from  Annals  of  Botany , vol.  xxiv,  No. 
xciii.  January  1910.)  ( Presented  by  the  Author.) 

Wallace  (Wm ).  A Geometrical  Treatise  on  the  Conic  Sections.  8vo. 

Edinburgh,  1837.  ( Presented  by  P.  de  Lacey  Johnstone.) 

The  War  in  Italy  : 

1.  On  the  High  Mountains. 

2.  The  Carso. 

3.  The  Battle  between  the  Brenta  and  the  Adige. 

(Published  by  the  Italian  General  Headquarters  Photographic  Depart- 
ment.) 4to.  1916.  ( Presented  by  the  Credito  Italiano.) 
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Warren  (S.  Hazzledine).  Pre-History  in  Essex  as  recorded  in  the  Journal 
of  the  Essex  Field  Club.  ( Essex  Field  Club  Special  Memoirs , vol.  v.) 
8vo.  Stratford,  Essex,  and  London,  1918.  {Presented.) 

Wenley  (R.  M.).  The  Life  and  Work  of  George  Sylvester  Morris.  (Uni- 
versity of  Michigan  Publications.)  8vo.  New  York.  London,  1917. 
{Presented.) 

Williamson  (H.  Chas.) : 

(а)  The  Spawning  and  Exuviation  of  Arenicola. 

(б)  Amphipoda  montagui  (M.  — Edwards)  = Isaca  montagui , M.  — 

Edwards. 

(c)  On  the  Herring  in  Captivity  and  on  an  Effect  of  the  Environ- 
ment on  the  Structure  of  this  Fish.  All  reprinted  from 
Jour.  Zool.  Research , vols.  i and  ii,  1916-17.  {Presented 
by  the  Author.) 

A Criticism  of  Reibisch’s  Otolith  Method  of  estimating  the  Age 

of  the  Plaice.  8vo.  1918.  ( Presented  by  the  Author.) 

The  Yearbook  of  the  Universities  of  the  Empire,  1916-17.  8vo.  London, 
1917.  {Purchased.) 


Laws  of  the  Society. 


281 


LAV/S  OF  THE  SOCIETY. 

Adopted  July  3,  1916  ; amended  December  18,  1916. 

I. 

THE  ROYAL  SOCIETY  OF  EDINBURGH,  which  was  instituted  by  Royal 
Charter  in  1783  for  the  promotion  of  Science  and  Literature,  shall  consist  of 
Ordinary  Fellows  (hereinafter  to  be  termed  Fellows)  and  Honorary  Fellows. 
The  number  of  Honorary  Fellows  shall  not  exceed  fifty-six,  of  whom  not  more 
than  twenty  may  be  British  subjects,  and  not  more  than  thirty-six  subjects  of 
Foreign  States. 

Fellows  only  shall  be  eligible  to  hold  office  or  to  vote  at  any  Meeting  of  the 
Society. 

ELECTION  OF  FELLOWS. 

II. 

Each  Candidate  for  admission  as  a Fellow  shall  be  proposed  by  at  least  four 
Fellows,  two  of  whom  must  certify  from  personal  knowledge.  The  Official 
Certificate  shall  specify  the  name,  rank,  profession,  place  of  residence,  and  the 
qualifications  of  the  Candidate.  The  Certificate  shall  be  delivered  to  the  General 
Secretary  before  the  30th  of  November,  and,  subject  to  the  approval  of  the 
Council,  shall  be  exhibited  in  the  Society’s  House  during  the  month  of  January 
following.  All  Certificates  so  exhibited  shall  be  considered  by  the  Council  at  its 
first  meeting  in  February,  and  a list  of  the  Candidates  approved  by  the  Council 
for  election  shall  be  issued  to  the  Fellows  not  later  than  the  21st  of  February. 

III. 

The  election  of  Fellows  shall  be  by  Ballot,  and  shall  take  place  at  the  first 
Ordinary  Meeting  in  March.  Only  Candidates  approved  by  the  Council  shall  be 
eligible  for  election.  A Candidate  shall  be  held  not  elected,  unless  he  is  supported 
by  a majority  of  two-thirds  of  the  Fellows  present  and  voting. 

IV. 

On  the  day  of  election  of  Fellows  two  scrutineers,  nominated  by  the  President, 
shall  examine  the  votes  and  hand  their  report  to  the  President,  who  shall  declare 
the  result. 
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Y. 

Each  Fellow,  after  his  election,  is  expected  to  attend  an  Ordinary  Meeting, 
and  sign  the  Roll  of  Fellows,  he  having  first  made  the  payments  required  by 
Law  VI.  He  shall  be  introduced  to  the  President,  who  shall  address  him  in 
these  words  : 

In  the  name  and  by  the  authority  of  THE  ROYAL  SOCIETY  OF 
EDINBURGH , I admit  you  a Fellow  thereof. 


PAYMENTS  BY  FELLOWS. 

VI. 

Each  Fellow  shall,  before  he  is  admitted  to  the  privileges  of  Fellowship,  pay 
an  admission  fee  of  two  guineas,  and  a subscription  of  two  guineas  for  the  year 
of  election.  He  shall  continue  to  pay  a subscription  of  two  guineas  at  the 
beginning  of  each  session  so  long  as  he  remains  a Fellow.  A Fellow  may  com- 
pound for  these  contributions  by  a single  payment  of  forty  guineas,  or  on 
such  other  terms  as  the  Council  may  from  time  to  time  fix.* 

VII. 

A Fellow  who,  after  application  made  by  the  Treasurer,  fails  to  pay  any 
contribution  due  by  him  shall  be  reported  to  the  Council,  and,  if  the  Council 
see  fit,  shall  be  declared  no  longer  a Fellow.  Notwithstanding  such  declaration 
all  arrears  of  contributions  shall  remain  exigible. 


ELECTION  OF  HONORARY  FELLOWS. 

VIII. 

Honorary  Fellows  shall  be  persons  eminently  distinguished  in  Science  or 
Literature.  They  shall  not  be  liable  to  contribute  to  the  Society’s  Funds. 

u «/ 

Personages  of  the  Blood  Royal  may  be  elected  Honorary  Fellows  without  regard 
to  the  limitation  of  numbers  specified  in  Law  I. 

* Law  VI  does  not  apply  to  Fellows  elected  before  1917,  whose  terms  of  Fellowship  are 
determined  by  the  previously  existing  Laws. 
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IX. 

Honorary  Fellows  shall  be  proposed  by  the  Council.  The  nominations  shall 
be  announced  from  the  Chair  at  the  first  Ordinary  Meeting  in  June.  The  names 
shall  be  printed  in  the  circular  for  the  second  Ordinary  Meeting  in  June.  The 
election  shall  be  by  Ballot,  and  shall  take  place  at  the  first  Ordinary  Meeting  in 
July  after  the  manner  prescribed  in  Laws  III  and  IV  for  the  election  of  Fellows. 


EXPULSION  OF  FELLOWS. 

X. 

If,  in  the  opinion  of  the  Council,  the  conduct  of  any  Fellow  is  injurious  to 
the  character  or  interests  of  the  Society,  the  Council  may,  by  registered  letter, 
request  him  to  resign.  If  he  fail  to  do  so  within  one  month  of  such  request, 
the  Council  shall  call  a Special  Meeting  of  the  Society  to  consider  the  matter. 
If  a majority  consisting  of  not  less  than  two-thirds  of  the  Fellows  present  and 
voting  decide  for  expulsion,  he  shall  be  expelled  by  declaration  from  the  Chair, 
his  name  shall  be  erased  from  the  Roll,  and  he  shall  forfeit  all  right  or  claim  in 
or  to  the  property  of  the  Society. 


XL 

It  shall  be  competent  for  the  Council  to  remove  any  person  from  the  Roll 
of  Honorary  Fellows  if,  in  their  opinion,  his  remaining  on  the  Roll  would  be 
injurious  to  the  character  or  interests  of  the  Society.  Reasonable  notice  of  such 
proposal  shall  be  given  to  each  member  of  the  Council,  and,  if  possible,  to  the 
Honorary  Fellow  himself.  Thereafter  the  decision  on  the  question  shall  not  be 
taken  until  the  matter  has  been  discussed  at  two  Meetings  of  Council,  separated 
by  an  interval  of  not  less  than  fourteen  days.  A majority  of  two-thirds  of  the 
members  present  and  voting  shall  be  required  for  such  removal. 

MEETINGS  OF  THE  SOCIETY. 

XII. 

A Statutory  Meeting  for  the  election  of  Council  and  Office-Bearers,  for  the 
presentation  of  the  Annual  Reports,  and  for  such  other  business  as  may  be 
arranged  by  the  Council,  shall  be  held  on  the  fourth  Monday  of  October.  Each 
Session  of  the  Society  shall  begin  at  the  date  of  the  Statutory  Meeting. 

XIII. 

Meetings  for  reading  and  discussing  communications  and  for  general  business, 
herein  termed  Ordinary  Meetings,  shall  be  held  on  the  first  and  third  Mondays 
of  each  month,  from  November  to  March  and  from  May  to  July,  inclusive, 
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with  the  exception  that  in  January  the  Meetings  shall  be  held  on  the  second  and 
fourth  Mondays. 

The  Council  shall  have  power  to  alter  the  date  of  any  Ordinary  Meeting,  if 
it  appears  to  them  conducive  to  the  interests  of  the  Society. 

XI V. 

A Special  Meeting  of  the  Society  may  be  called  at  any  time  by  direction  of 
the  Council,  or  on  a requisition  to  the  Council  signed  by  not  fewer  than  six 
Fellows.  The  date  and  hour  of  such  Meeting  shall  be  determined  by  the 
Council,  who  shall  give  not  less  than  seven  days’  notice  of  such  Meeting.  The 
notice  shall  state  the  purpose  for  which  the  Special  Meeting  is  summoned  ; no 
other  business  shall  be  transacted. 


PUBLICATION  OF  PAPERS. 

XV. 

The  Society  shall  publish  Transactions  and  Proceedings.  The  consideration 
of  the  acceptance,  reading,  and  publication  of  papers  is  vested  in  the  Council, 
whose  decision  shall  be  final.  Acceptance  for  reading  shall  not  necessarily  imply 
acceptance  for  publication. 

DISTRIBUTION  OF  PUBLICATIONS. 

XVI. 

Fellows  who  are  not  in  arrear  with  their  Annual  Subscriptions  and  all 
Honorary  Fellows  shall  be  entitled  gratis  to  copies  of  the  Parts  of  the  Trans- 
actions and  the  Proceedings  published  subsequently  to  their  admission. 

Copies  of  the  Parts  of  the  Proceedings  shall  be  distributed  by  post  or 
otherwise,  as  soon  as  may  be  convenient  after  publication ; copies  of  the  Transac- 
tions or  Parts  thereof  shall  be  obtainable  upon  application,  either  personally  or 
by  an  authorised  agent,  to  the  Librarian,  provided  the  application  is  made 
within  five  years  after  the  date  of  publication. 


CONSTITUTION  OF  COUNCIL. 

XVII. 

The  Council  shall  consist  of  a President,  six  Vice-Presidents,  a Treasurer, 
a General  Secretary,  two  Secretaries  to  the  Ordinary  Meetings  (the  one  repre- 
senting the  Biological  group  and  the  other  the  Physical  group  of  Sciences),*  a 
Curator  of  the  Library  and  Museum,  and  twelve  ordinary  members  of  Council. 

* The  Biological  group  includes  Anatomy,  Anthropology,  Botany,  Geology,  Pathology, 
Physiology,  Zoology ; the  Physical  group  includes  Astronomy,  Chemistry,  Mathematics, 
Metallurgy,  Meteorology,  Physics. 
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ELECTION  OF  COUNCIL. 

XVIII. 

The  election  of  the  Council  and  Office-Bearers  for  the  ensuing  Session  shall 
be  held  at  the  Statutory  Meeting  on  the  fourth  Monday  of  October.  The  list  of 
the  names  recommended  by  the  Council  shall  be  issued  to  the  Fellows  not  less 
than  one  week  before  the  Meeting.  The  election  shall  be  by  Ballot,  and  shall 
be  determined  by  a majority  of  the  Fellows  present  and  voting.  Scrutineers 
shall  be  nominated  as  in  Law  IV. 


XIX. 

The  President  may  hold  office  for  a period  not  exceeding  five  consecutive 
years ; the  Vice-Presidents,  not  exceeding  three  ; the  Secretaries  to  the  Ordinary 
Meetings,  not  exceeding  five  ; the  General  Secretary,  the  Treasurer,  and  the 
Curator  of  the  Library  and  Museum,  not  exceeding  ten  ; and  ordinary  members 
of  Council,  not  exceeding  three  consecutive  years. 

XX. 

In  the  event  of  a vacancy  arising  in  the  Council  or  in  any  of  the  offices 
enumerated  in  Law  XVII,  the  Council  shall  proceed,  as  soon  as  convenient,  to 
elect  a Fellow  to  fill  such  vacancy  for  the  period  up  to  the  next  Statutory 
Meeting. 

POWERS  OF  THE  COUNCIL. 

XXL 

The  Council  shall  have  the  following  powers  : — (1)  To  manage  all  business 
concerning  the  affairs  of  the  Society.  (2)  To  decide  what  papers  shall  be 
accepted  for  commimication  to  the  Society,  and  what  papers  shall  be  printed 
in  whole  or  in  part  in  the  Transactions  and  Proceedings.  (3)  To  appoint 
Committees.  (4)  To  appoint  employees  and  determine  their  remuneration. 
(5)  To  award  the  various  prizes  vested  in  the  Society,  in  accordance  with  the 
terms  of  the  respective  deeds  of  gift,  provided  that  no  member  of  the  existing 
Council  shall  be  eligible  for  any  such  award.  (6)  To  make  from  time  to  time 
Standing  Orders  for  the  regulation  of  the  affairs  of  the  Society.  (7)  To  control 
the  investment  or  expenditure  of  the  Funds  of  the  Society. 

At  Meetings  of  the  Council  the  President  or  Chairman  shall  have  a casting 
as  well  as  a deliberative  vote. 
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DUTIES  OF  PRESIDENT  AND  VICE-PRESIDENTS. 

XXII. 

The  President  shall  take  the  Chair  at  Meetings  of  Council  and  of  the  Fellows. 
It  shall  be  his  duty  to  see  that  the  business  is  conducted  in  accordance  with  the 
Charter  and  Laws  of  the  Society.  When  unable  to  be  present  at  any  Meetings  or 
attend  to  current  business,  he  shall  give  notice  to  the  General  Secretary,  in  order 
that  his  place  may  be  supplied.  In  the  absence  of  the  President  his  duties  shall 
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